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FOREWORD

This report describes the latest in a series of experimental i nves t iga t ions

oi~ high-speed turbulent boundary layers carried Out by the Fluid Mechanics

Sec tion of the Aeronucronic Division of the Ford Aerospace & Comlminications

Corporation . Previous work has been devoted to studies of the effec t of

various parameters on transition and turbulence in the compressible boundary

layer , inc luding Mach number , Reynolds number , heat transfer and mass addi-

tion. The most recent effort was concerned with the influence of wall temp-

e ra tu re  on the s t ruc tu re  of a zero pressure g rad ien t , supersonic boundary

layer .  The present program was directed toward examin ing  the e f f e c t s  of a

continuous adverse pressure gradient produced by a curved ad iaba t ic , isen-

t rop ic compression ramp . Resul ts  of deta i led  mean flow measurements are

described and turbulent shear stress distributions extracted from the t ime

averaged conservation equations are presented. Because .f the large quantity

of data involved , th. results are shown primarily in grap hical form. However ,

the interested reader may request copies of the detailed data tabulations.

The work described herein was supported by the Flight Dynamic Laboratory at

Wright-Pat terson Air Force Base , Ohio. Dr. Joseph J.S. Shang of AFFDL/F~ 1

served as projec t engineer. The author wishes to acknowledge Dr. A. Demetriades

for his collaboration during the planning and preparation or the experimental

• program ; L. Von Seggern for his assistance during various critical phases  of

the tests , and G. Hart for fabrication of the ramp models.
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SECTION 1

INTRODUCTI ON

Solu tion of the supersonic boundary layer equations requires accurate models

to describe the turbulent transport of energy and momentum. The transport

coefficients cannot be derived from first principles , but must be deduced from

well-designed experimental studies. Ideally, it is preferred to measure the

turbulence terms directl y, e.g., using the hot wire anemometer , although

documentation of the mean flow field is still necessary to interpret the hot

wire data. Even in the absence of direct information , the so-called “invers e”

or “indirec t” method can be applied to extract the transport properties from
detailed mean flow measurements by means of the time averaged conservation

equations. Although considerable progress in this direction has been made

for the zero pressure gradient , flat pla te boundary lover , there is still a

dear th of specific information concerning flows with a finite continuous

variation in static pressure . This problem arises from the fact tha t while

numerous experimental studies have been made of boundary lay e r s  w i t h  pressure

gradients (see, e.g., the exhaustive catalog of experimental results comp iled

by Ferrtholz and Finley5 few have been sufficiently complete and reliable to

successfully apply the “indirect ” method . In fac t , for continuous pressure

gradient flows , no direct hot wire measurements of transport properties are

available and only Sturek has reported on turbulent shear stresses calculated

from mean flow data.

The present study was undertaken , therefore , to systematicall y study the in-

fluenc e of a continuous adverse pressure gradient on a two-dimensional , super-

sonic , adiabatic wall boundary layer . The adverse pressure gradient was

generated using a curved ramp , located on the test section floor of the FACC

Mach 3 wind tunne l , and designed to produce an isentropic compression with

constant dp/dx . Two ramps were designed for this purpose , one correspond ing
to a weak and the other to a moderate pressure gradient . ~‘h ile it may have

been more desirable to design the ramps for constant pressure gradient

parameter  
~k ~~~~~~ 

(dp/dx) , and thus maintain a constant influence of the 

~~~~~~~~~~ _____••- • •_—_—-_-~__.,_ _._. -______•--___‘_
~
--

~~
_‘
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s su rt ;r.id L e n t  o t t  l i t  h o un d . i r v  I • I V t  r , the local values at and ‘

~~~ 
cou l d

not - ~~ p i e d  ~~t t . d  p r i o r  a Lh~ :~pe ci  men t . On the  o thur h an d , i t  is shown i a icr

t h it ibe naundarv l o v e r  i s  in S t i l t  a t  l~ c~ I equi l i b r i u m  and , therefore , is

e o n t r ’ I l u d  ‘n t v  by b c - i l conditions , i .e ., C t ,  M~~, 
~~~~~

, e t c .  Thus , m a i nt a i n in 4

t h e  p rt ’ s ~u r e  ~r o d i e t i t  c on s t an t  a l l o w s the overall I low h eld to be c h a r a c t e r i z e d

OV .1 • i n 4 l e  p ar a m e t e r  dp/dx (or , more exactl y , h 
~~ 

where /~~ is e va l uat e d

r uve~t i i t e 1 v  u p s t r e a m  u t  the  r am p )  while pra~’idin~ the o p p o r t u n i ty  to study the

C t t C c t at  i h e  l o ca l  k ’  and in ihi- . sense the experime nl yields ~re.iter

m l  jr-i I t  ion .

rhe  ul invite ~o.i I - ‘t t b  is procr in is the direct me tsurcmcn t at  the  turbu lent

shc ir s t~~ - -,sc5 usin.~ the x— i r r t v  h o t  w i r e  t n e m o m e t er  In p ” e par a t i o n  fo r  t h i s

~Ic~ i i  led u e 1 s u re~vc n t s  a t  th e  ac in I l’w t i e  Id over  t h e  c u r v e d  ramp s have

~- t- n carried out . L ’hi-~ report describe s the ,e -ao -l su r e ne n t s  and t he  r e s u l t s  of

t he i t O  I n - t i  --s i s .  D e t a i l s  at  he ex p e r im e n t  ire pre sented in Se: tion 2 , while

t h e - :e  t h a d  of  t n a l v sj s  i s  su r m i a r i . e d  in Section 3 md the r e s u l t s  are d i scussed

in cc:tan . . In p a r t i c u i  i , i t  is shown t h a t  t iic ak- tn  I law profiles , when

su i t  -~ I ~-~~ r n I ) r” ed , i~~r cc  w ith the u n i v e r s a l  “w a l l  — w i k e ” ye hoc i tv p r o f i l e

m d  :ho~ t h e  p r ~- s su r c  ~r i d i e n t  p o r u a t t e r  k correlates the data with low speed

In iddi ion , th e  d i s t r i b u t i o n  ac r o s s  the  ~ou n d . i r v  love r of turbulent

i t  ~~~~~~ :a i : : in ~ l en g t h , and eddy v i s c o s i ty  were d e t e r m i n e d  u s i n g  the

‘-cr had m odified ‘ e- - St u r e k  to accoun t  fo r  t he  e f f e c t s  of lontzitudinal

j u r ’ ’ l t i l r t -

2

- ,

~ 
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SECTION I I

THE EX PEP~IMENT

1. WIND TUNNEL

The experimenc was carried out in the FAUC M ic li  3 supersonic- wind tunne I (SWT).

This is a c o n t i n u o u s  f l o w  facility with a 7.87 cm b~ S.o3 cm t est  Se c t i on

loc ated 40.b cm downstream of the throat section . The turbulent boundary lover

at the entranc e to the test section is fulls’ developed and is approximatel y

0.7 cm thick. All tests were conducted f o r  s t a g n a t i o n  c o n d i t i o n s  01 .97 3  x

1O~ N/ M2 and 317° K corresponding to a nominal ~~ 3 and u n i t  R ey n o l d s  number

= 6.57 x 1O6/meter.

. RAMP DESIGN

Usin.~ Method of Characteristics theory , and ignoring the etfect of the boundary

lu er , two continuously curved ramps , d e s ig n at ed  Ramp I and Ramp 3, were de—
— signed to produce two-dimensional , constant pressure gradient (dp/dx) flows.

B~ scd on the boundary layer characteristics upstream of the ramp l ead ing  ed ge ,

the pressure gradient parameter 
~ko (

~~
/
~~
)(dp/dx) was nominally 0.3 and 1.85

far Ramps 1 and 3, respectively . The ramp contours and a sketch of the ramp

inst,illed in the wind tunnel test section are indicated in Figure 1. Photo-

4t’ap h at the ramps installed in the tunne l is shown in Figure 2.

The ramp models were designed to rep lace the floor p late of the wind tunne l

test ~ection and to provide a smooth continuation 01 the lower nozzle block .

In order to avoid flow breakdown in the test section , as a consequence of

blockage introduced by the presence of the mode ls , the maximum height ot the

ramps was restricted to 1.8 cm (see Figure 1). As a result , this l imited the

l e n g t h  or Ramp 3 to about 9 cm , although this was found to be adequate for the

p u r p o s e s  of the p resen t  e x p e r i m e n t .

For Ramp 1 , the curvature of  the surface was started at the leading edge at

the mode l which , in turn , mated to the tr ailing edge ot the nozzle 
‘lock.3
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3. PRELIMINARY FL~)W FIELD SURVEYS

Prior to the conduct of the f inal measu remen t s , q u a l i t a t i v e  p ressure  survey s

were carried out to insure two dimensional , dis turbance-free flow over the

ramps. For Ramp 1, pitot pressure surveys to examine the flow volume over

the ramp were made at  seven axial  s t a t ions  r ang ing  t rom 1.2 cm ahead of the

leading edge to 2.5 cm upstream of the trailing edge. A t each station ,

continuous pi to t  pressure  surveys extending l a t e r a l l y  (z)  to 1 cm either side

of the ramp centerline were made a t approximately one dozen ver t ical (y ’)

location s from the surface to abou t 1.5 cm above the s u r f a c e . In add i t ion ,

at  the same x stations , continuous p~ ve r sus  ~ profiles were traced at f i v e

z locations (approximately 1.0, .4 and 0 cm). Typical records , shown in
Figures 5 and 6, indicate the flow is f r e e  of gross disturbances with only

margina l  cross flow ef fects. A graph ic  represen t a t i o n  of the flow field is

presented in Figure 7 where continuous Pt versu s y
’ profiles obtained at .63 cm

intervals along the ramp cen te r l ine  are plotted . Flow is from right to left

wi th the right hand profile located .63 cm downstream of the leading edge of

the ramp and the left hand profile corresponding to 14.6 cm downstream of the

leading edge. The leading edge shock (actually two closely spa ced weak shock

waves also vis ible in the Schlieren record of Figure 3a) is clearly indicated.

Similar measurements were carried out for Ramp 3 and typical results are shown

in Figures 8-10. Figure 8 presents lateral surveys of static pressure at

several positions above the ramp surface , while lateral traverses of pitot

pressure are indicated in Figure 9. Both figures indicate that the flow is

two-dimensional and relatively disturbance -free and Figure 8 , in pa r t i cu la r ,

implies no cross flow near the center of the ramp model. Figure 10 is a
pitot pressure map , s imi la r  to F igure  7, which depicts the development of the

flow field along the length of the ramp . Al though the crossing of the pito t

pressure traces sligh tl y obscures the clarity of the figure , i t  is s t i l l

possible to detect the oblique shock formed by the coalescence of pressure

waves genera ted by the curved surface .
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extended out to about y ’ .12 cr:. Since the s t a t i c  p r e s su re  v ar i ed  n e a r ly

lit-earl y through the remainder at the soundary lover , it was pOssible La

correct for the interferenc e effect ‘v extrapol ating th~ static pre s su re  pro-

file to the wall. This permitted a redundant determination o~ the sur:act’

pressure distribution . These results are shown in Figure 4 where they are

seen to provide excellent agreement with the direct measurements 01 w a l l

pressure.

For both the stat ic pressure and the pitot pressure measurements , particular

care was exercised to insure that the probe axis c-’as parallel t~ the local ramp

surface prior to the surve . Both probes were found to i~ t i n s e n s i t i v e  to y ou -

for  yaw angles less than 5 degrees. Since this condition was easily satistied

across the boundary layer , the boundary layer pressure m e a s u r e m e n t s  were- un-

affected by yaw .

A bare wire Ch—Al thermocoup le , installed itt a ce ramic  t u b e  and also a t t a c h ed

to an aerodynamic strut , was used for the total temperature probe . The- thernia-

coup le wi res  were welded to form a disc 0.013 cm thick , thereby providing

almost the same resolution as the pitot pressure probe . The probe was call-

brated in the wind tunnel freestrearn to determine its re~ o~’erv fa c tor vers u s
Reynolds number c h a r a c t e r i s t i c, which can be expressed as :

T -Tmeas - -

0.9151 + .4799 x 10 (Re ) ‘- .02302 x 10 3Re
T - T  

o,D o,D
0

The probe Reynolds number is evaluated at the total temperature T
0 

u s i ng  a

charac teristic length equal to the disc thickness. The output of the chermo -

couple could be read with a resolution of 0.01 my , corresponding to 0.25’K.

The tunnel stagnation pressure was measured with a 0-800 mmHg Heise pressure

gauge with a least count of 1 mmHg and stagnation temperature was sensed by a

Precision Digi tal Temperature Indicator which read directly in degrees

7
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F i h r c - o t s  1 W I  t h  a r c-s~t i c i t  t o n  a t  1 1 ( . t’~ h) . A l t h , tu I: the ramps wi~r e not  i n —

s t ru me -n t e d  ic ’ ti le - I t - o r e - s u r f  1 1 c c -  t ctnpcra Lur e- • on t hi- i-as is a t  a s j m i  I or boundary

l a v e - t  s t u dy  ( i )  pert arme d in t h e - .:i e- t i c  ii i : v , i t  was assumed that T~_, =

~)~ 5 to iOC~- K which c orre sponds cSScn ’. i a l l y  to  t h e  a d i a b a t i c  w a i l  c o n d i t i o n .

a i— ut emen t  a:  sun ac c- p r e -  s su t-~ u-as a i d e -  v i  t h  h~- node- i TC APT S5— I)\ -n i Sc a

tr i i :sdus e l  U s c - c l  t o t  l I t i  t-- t i c  p r e s sc :r t - survt-vs .

~I e - i su r e m e , n :  ox w i l l  shear s t r e s s  W a s  in ,ide u s i ng  P r e s t o n  t u b es  w i t h  0 .1 , 0 .1b3 ,

and  0 .2 in cit O.it .s. The s ma l l e st  and l a rg e s t  t u be s  w e re  sized u s i ng  c r i t e r i a

a v a i l  . i t -  Ic it :  t hi -  I i  t c - r a  t ore ’  .~ t t d v c ’ t i - i -  pr i- i - su r e  t- :ru di  en t I I au- s t o  det  ar r i i  t ie

Itt-  ::l i t :  i i : t i t :o  and ma :~ tt :i u!- - p r a t - c  11 one t c - r i - .  Ago  ~n , tht.- Dvni sea pre s su r i  t r a n s—

d u c e r  used tar t he -  sta ti c p art - sort- l l c - :i su r cm e nt s  u a t - -  u s e d  t o  a c q u i r e  l i i i

P r e s to n  t u : -e  d a t a .  Si  f l ut  t h e  re t -- u i  t s ui -re - t siund La  t c r c - e w i t hi n  5~~, ~ttl v the

data tar t N t  (1 .1 sm c t i i t : i , - l e t  1t Ia ’ - - e  i r e  dt scclssc -d 1 0 1 c r .

Fh o t a cr a p hs  at  t h c  s e v c ~t~al  p r a t t - s  dL - s c - 1 ’ l t - c d O b o V V  O t t - shown in F i g u r e- s 11 and

1 ~ . in  C JO I: 1 0  St • I i  at- i t - - I t  at ; i t -  : a r ti:  t n.J t h e  pro  - c -  s up p or t  is  d e s i g n e d

so t N t :  a e rod V i i I:’:i d i  sLut : i i t u  i i -  t c  i-ui -p t doi~~s t r i o:- : o l t h e p r o b e  t i p .

5. 1 P S T  F R Ou ~ii)U Rh L
P r o f i l e  dat .i u-a t -- ac- q u i t c - d b I i n s t  b c - a t  I nc the  probe- a d j a c e n t  La the ramp

surt.icc wherc the sur l I c e  v i i -  I , t~~~i L i c t  using a 10 —p o w e r  m i c r o s c op e -  w i t h  a

c il i hrati -d ~:ru I i i  Ic . 1 cli t i c  piL ot pressure- prol i it , the prob e- u - i s  then  moved

ve r t i c a l l y  upward  : t  i - s - i c - c t  ‘d i n t e r va l s  u n t i l  the- t r an s d u c e r  response was

i-ut ! j c i t t - f lt  Iv r ap id [0 m o s t - t i t ~~ p r o b e  at :1 c on s t a n t  slow r I l e - . For th e- other

parameters , the vi tia ti a n s W t r t  sot! i c i e n t l v  sma 1~ t o  permi t continuou s tra-

v e r s i n g  ac ro s s  t h e  en t i r e -  hound . irv  l i v e r .  -‘i voltage- si goa l  p r o p o r t i o n a l  to

probe position ~nd the sensor signal were ted to  an A ID sy s t e m  whose outpu t

ls  r ecorded on t u pe -  e l i - s e t IC l . a  t arm a permanent  dit a til t - . Probe p o s i t i o n

i n t e r va l s  r an c i  i s-, t rom 0. ~ nil is  to  ‘ mi 1 (depending on the sensor and the

ra te ’  a t  c h ange -  ot  the measured ~‘ a r i , i i - 1 e - ) were  u sed.  The recorded data was

sub sequent lv stored in the- Campan ~~ ‘s main  c omput er  where  i L was processed v i a

t i m e  sha re  t e r m i n a l .

_________________________ — 
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Altho ugh the probe actuator is provided with two degrees of freedom , it is
cons t r a ined  to move in a v e r ti c a l  d i r e c t i o n  (norma l to the tunnel centerline)
as opposed to norma l to the surface. While the probe could be moved in both
the x and Y 1 d i r e ct i o n s  in order to track the normal to the surface , it was
considered more convenient to obtain the surveys along the vertical and use
a simple computer programed i n t e r p o l a t i o n  routine to convert the data to
profiles perpendicular to the model surface .

6. TEST MATRIX

All tests were conducted at the tunnel  s t agna t ion  cond it i ons  l i s t e d  in Section
2. Mean flow surveys were conducted at the axial stations shown in Figure 13 ,
which also includes the location of the wall pressure  por ts and i ll u s t r a t e s  the
s t a r t  of the ramp su r face  r e l a t i v e  to the  t r a i l i n g  edge of the n o z z l e  

b l o c k .9



SECTl0~-~ 111

D-\T .-\ NE D EC T I ON

The d a t a  r e d ct c  t i  at : p r o c e d u r e  u-o s p rogrammed f o r  t he  hompan\ - ‘ S Hone\~~e 11 u6/40

a : :i p c :t cr  and a l l  d a t a  p r O c  e s s i n g  was  carried Out  V1.a a t ime share

termi nal. A t - - eh e r r t a : i c  of the dat~ reduction routine is sho~rn in Figure IL+ .

The routint- i s  a c t u a l l y  c o mp r i s c - d  a t  a n u m be r  at  sub—routines , each designed

t o  O Jia p l c t e  a spe citi c calculation . The output at each sub—routine is stored

i t t  a PAL- -s F I L E  w h i c h  is used as inpu t to subsequent sub—routines and which can

:~e accessed via szrap hic s t c  : i n i l  t o  p rov ide  a h ar d  copy g r a p h i c a l  r e p r e s e n t a —

:101 : ‘i t i l t  t i l t  c o n t e n t s .

~~ p~ :o: p r t 5 S 1 : r c  , S t — i t Ic p t V S SU t c - and r e c o v e ry  t e m p e r a t u r e  p r o f i l e  d a t a  ar c

rec orded sep tro t e iv on tape  cas selt ~ du r i ng t h e  ao u n dar v  lov e r  survey , The

t ape  c a S S et  I c - s ore the-u t e d  t o  th e  com p u t e r  c r e a t i n g  t h r e e  d a t a  f i l e s  for  each

s u r ve y s t~~t : i o n.  Th~~sc t i l t S  serve as i npu t :0 l - r o c zr o r-  ~-LS L’ R V which performs

t u r e c -  I -one: tons . h:tst , t N t  c at:vc -ttt- d I ra : :  ~~~ r eed ’’ u n i t s  t o  p h : s i ca l

u f i t  15. a e c -o n o , S I n  c tI l e- v i 
~~0s i  l i O n S  Ot t f l t  s ta  t i c  p r e s s u r e  and recovery

:c-m p e t - t t u r t - p r a t t  i t S  h i t t e r s  I tO::-  I n O S e  : at t h e  p i t a :  p r e s s u r e  s u r v e y ,  t he data

t a r  t N t - b r a c t i s  inter pol : t t e ~d to  provtd~ static p r e s s u r e  ari d recovery  temper—

a tu r e  d o t a  at  th~ i -O t te  ~~ l o c a t io n s  u s  t h e  p i a t  p t -e s s u r e. Finally , me an [low

p r o p e r t i e s  were i l c u l t i t e d  -v alt- i l l S  c l i  s t a n d a r d  gasd :-n amic equations using an

I. t e t . :  I i v c -  p r oc - c hur t -  to ; i c c o u : i t  tar thi cal i ‘r at e d  r ecove ry  tempera  tor i - ch a rac  t e n —

ui- I ic - s  ~ t th i-  T~ p r o : t -  • T u e  t e S c l l I i ng  : - o i i n du r v  l a v c - r  p r o f i l e s  were s toned in

DATA F i l t - ~~~~~~~~~~ t - I t e  i i  d en o t e s  t a t  r o m p  and XXXX r e p r e s e n t s  th c  x s t a t i o n .

A t y p i c a l  p r i n t o u t  r o t - -  I-I SI’F\ ’ i s  sb -u : -  in Tai ’1 c 1. S it :u i l i t  lv , t o  d e m o n s t r a t e

l i i i  i i & f l t - I  : v  ‘1 t h e  d t :, t p a i n t s  and  t h e  q U ; l i  t~ 0 1 th e  measurements • p l o t s  ol

I / F  , -‘ I aid T~~,’T V e t s U s  v ‘ ‘ti  shown in Fi-ourc- s 15— 17 , respectively1 0 a - oi- -

Pro [ilc-s at 1 and To l o t  t h e  s ime station Ott- p r e s e n t e d  in F igures
t :lc_ ,l S ::ic - i s

is and 1° , t c t-- p t  c i  I Vt lv

For a g i V e m :  r i ::: 1- - t h e  i i  I t -i -  :~U L’iXxX Se rv e  as i npu t t o  PROGRAI I NEh T LOt~ wh i c h

c i s c - s  a i - i  a-p it tou r rs~i i: 1 i t :Lc-rpo laticm Sc hcnie ta  c o n v c - r t  t h e  prof  i les  mea sur ed

.11011 - t t t t  Vi t I l i  .11 to 1-10 1 l e i -  :1 clii 0 t i e  norma l to  I bc sui Li c e  • -\ 1 tl Si vt -n  x

10



station the interpolation is carried out using profile data along the vertical

a t  t h a t  s t a t i o n  t o ge t h e r  w i t h  v e r t i c a l  p r o f i l e  d a t a  a t  the n e a r e s t  u p s t r e a m

station . The interpolated tiow tield , which includes profiles along the normal

at all x stations , is stored in a sing le DATAFILE NEhTL0t~ where denotes the

ramp. The content or NEWFLOW is shown , fo r  examp le , in Figures 20, 2 1 and

where , respective1~- , u , ~ and PS have been plotted against the distance norma l

to the surface , v . Similar plots for Ramp 3 are shown in Figures 23-25. In

addition , normal profile data at each x station is stored in separate DATA FILE S

ZNFLXXXX. The latter is used as input to PROGRAN VCOLE S which correlates the

experi mental data with Coles “Law of the Wake .” This c a l c u l a t i o n  p rov ides  the

boundary layer thickness ~~ , the wall shear stress and the wake parameter

~~~~. Furthermore , the transformed velocity profile is stored in DATA FILE

ZVCOX~OCX in u+ , y+ coordinates  and in DATA FILE ZVDEFXXXX in velocity deficit

coordinates. A sample printout of the output of PROGRAN \COLE S is shown in

Table 2. Using the value of S provided by VCOLES and either DAT~A FILE

ZNFLXX~~ or NEWFLOIS’Z as inpu t , PROGRAN TBLJNDIN c a l c u la t e s  non-d imens iona l

profiles of v/S versus U/Ue~ c/
~ e , 

etc., as well as the integral propert ies of

the boundary layer. A sample printout of the results of PROGRAM TBLJNDIM is

presented in Table 3.

As shown later , the streamwise derivatives of the flow variables u , ~u , au ,

and p are needed to extract the turbulent transport properties from the mean

flow da ta. To accomp lish this DATA FILE NEWFLO~JZ is input to PROGRAM RANSHER.
An x survey station is selec ted as a reference location and the associated y

values are deno ted as y 0 . The r ema in ing  profiles are then interpolated to find

u(s ,y0
), pu(s ,y

0), etc. The streamwise distance s at is  e a s ily  d e t e r m i n e d  P

knowing the axial location x of the survey station and the local sur face

curvature . For each y0 the flow properties are curve-lit h~ - the method of

leas t squares to the expression :

F(s ,y0) — F
1 
+ F

2
s + F

3
s

where F — u , ~u , Pu 2 , or p. Wi th F1, F
2 

and F
3 

determined , the streans~ise

11
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SECTION II’

EXPERIMENTAL RESULT S

1. C1-L-\RA CTE RIZAT ION OF THE PRESSURE GRADIENT

In his treatise on the incompressible turbulent boundary layer , Cla user4

concluded that the proper parameter to use for characterizing equilibrium

profiles in a flow with pressure gradient is (~~ /~w)dp/dx . For compress-

ible flow s , Al ber and Coats 5 sugges ted  rep lac ing  w i t h  (~~~/~~~)d p/dx and

in their s t u dy  at M~ = .
~~ , Lewis , et al found indeed that using 

k provide s an

improved c o r r e l a t i o n  with the low speed d a t a .  For the present experiment , the

variation of 
~k 

with axial position x is plotted in Figure 26. It is shown

later that increases with x much faster than i ,~ and , since dp/dx is a

c o n s t a n t , then , as i n d i c a t e d  in Fi gure  26 , ~~ decreases in the axia l  d i r ec t ion ,

part icularly for RA1~~ 3. Figure 26 includes the data of Sturek and Dauberg ’

which also obtained for constan t dp/dx using a curved ramp similar to that

involved in the p resen t  t e s t s .  while a direct comparison cannot he made s ince

the axial coordinate x has not been properly normalited , their data also show

that 
~k 

decreases with increasing x confirming the present findings. Further-

more , the magnitude of ~~~~ in their experiments indicates that the relative

influence of their pressure gradien t should be much larger than in the present

case. This point is addressed later in this report. The data of Lewis , et al ,
6

is also shown in Figure 26 to demonstrate the s i m i l a r i t y  in the magnitude of

the pressure gradient parameter 
~k 

with the present results. Since their test

was carried out for an increasing pressure gradient , dp/dx , the ir values of

increase in the streai-nwise direction . However , for equilibrium boundary lovers ,

this s.-auld be immaterial and only the local value of is significant . Ref-

erence to the results of Lewis , et al ,
6 will he made in the next section when

the present data is compared wi th the low speed correlations.

2.  CORRELA TION OF THE VELOCITY PROFILES

It has become connion practice to compare experimentail:- measured velocity

profiles to a well-defined law (e.g., Coles composite “wall-wake ” correlation )~
’

13
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that describes the behavior of an equilibrium turbulent boundary layer. Using

an appropriate transformation to convert the compressible data to an equivalent

incompressible form, this comparison permits an assessment of the quality of

the data , represents a me ans for evaluating the charac teristic boundary layer

parameters (e.g., 8, C f .  e t c . ) ,  and , in the non—constant pressure case , assists

in isolating the effects of pressure gradient on the development of the bound-

ary layer and provides a basis for comparison with other experiments. The

comparison of the experimental data to the classical boundary layer profile

involves cu rve - f it t i ng  the t ransformed data to the classical prof i le, while
iterating the values of the unknown parameters until the rrns deviation of the

curve-fit is minimized. Details of the curve-fitting procedure and a discussion

of the results are presented below.

Starting with the conventional mixing length expression :

,2 (du/dy)2 1

and combining with the Prandtl hypothesis:

2

yields the following relation :

du~~ a~ ~~~~±~~! ._
~~ 3 1- p

w 
U I. ~t Y 

-:

Integration of the above expression gives

U+~~~~~~f l y
+ +C 4

where:

y~ yu /v~

14
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Equa t ion 4 is the conventional “Law-of-the-Wall” which , follow ing Coles , has

been rep laced  by the more general “Law-of-the-Wake ” formulation of the mean

velocity profile , i.e., by:

+ 1
U = ~~ + ~ + “

In Equation S is a parameter representing the strength of the wake component

of the boundary layer , W is coles tabulated wake function which can be approxi-

mated by 2 sin2 (ry/2iS) and the constants and C are given their incompressible

values 0.41 and 5.0, respect ivel~- . -

Equation 5 contains three unknowns : ~~, u- and ~~. Substituting the edge

conditions into Equation 5 yields:

+ 1 -  6ue :-~ w

which can be used to express in terms of u~ and . This reduces the number

of unknowns in Equation 5 to two, whose values are ad ju s t ed  u n t i l  the data

fit the equation such that the rms error is a minimum . Data near the wall and

near the edge of the boundary layer are excluded from the curve-fit and only

data for which y+ � 50 and y/8 � 0.9 are used to determine the boundary layer
parameters .

Although the curve-fit procedure is restricted to the •~al1-wake region , it is

instructive to compare the experimental data to the “universal” velocity profile —

across the entire boundary layer . In the sub-layer region, the velocity profile

is commonly expressed as:

+ +u y 7

The transition between the sublayer and wall regions of the boundary layer has

been examined by Spalding9 (and later by Kleins tein1° using a more formal
approach) who suggests tha t the velocity profile in this zone can be

15 
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dìc -sc ribed b~-

+ + + +
v u + i x p ( —  -

~~) - cn- ip (-~ u ) — I (c : )

$
whe re

t ( u ~~ ) = 1 + u + — ( ~~~~ + ~ ( - .u~~) 3 + 4 ( - -u~~)~

Note that E q u a t i o n  I’ r educes  t o  E q u a t i o n  7 as •:u
+ 0 and t h a t  Equation 4

is r ecove red  when - u - - 1.0.  E q u a t i o n s  $ and S are used to represent

the  u n i v e r s a l  vt - 1~~ c i t v  p r o f  i le  ac ross  t h &  boundary  l ov e r .

Tvp ic ~u l  p l o t s  of t h e  t-xperimental \- c - I -a c itv p r o l i l u s  in t r an st o rm e d  c o o r d i n a t e s

are shown in Fioures ~7 and d ’  or t~ ump 1 md Ramp 3 , rc-spectivelv . The values

of u + h av c -  -ct -n d e t e r m i n e d  d i r e c t l y  i ron E q u a t i o n  4 .3 u s i n g  t h e ’  measured  d e n s i t y

protiles to carry out the integrati on . This avoids rc-liance on analytical

t n an s t o r m a t io n s  1flc1 t h c - i  r •uppra:- imatiofls . The Van  1 m  i c - S t  T r a n s f o r m a t i o n , f o r

examp le , which has -(-en success lullv used for flat plate boundary layers ,

assume c o n s t a n t  p r e s s u r e  and relat es the densit y to the v c l o c i Cv v i a  the

( rocco  rt-l at ion . E q u a t i o n  h has - s e n  rcprc-sented by dashed lines. For

clarity , a plot of Equation 5 has -c -i -n cmittcd s ince  the differences between

the e x p e r i m e n ta l  v a l u e s  of u + and the  t h e o r e t i c - a l  v a l u e s  cannot  he resolved

within the scale used in the I igcirt- . in t N t  region v+ 
-
~~ 50 , the data tend to

lie above the theoretic al curve (a  feature con~non t o  a c o n s i d e r a b l e  body of

e x p e r i m e n t a l  dat i ) w i t h  the discrepancy reaching a maximum in the range

10 -I 20. This portion of the velocit y pro file has been rep lotted to a

l a rger  sca le  in F i g u r e  29 where b r  each ramp data f r o m  the dp/dx = 0 survey

s t a t ion and the most tarther downstream station on the ramp have been included ,

‘ together with the theoretical profiles given by Equations 4, 7, and 8.

The dp/dx — 0 data for Ramp I is seen to be in excellent agreemen t with Equation

8 while for  Ramp 3, the data lies slightl y above Equation 8. In addition ,

it is observed that when dp/dx > 0 , then fo r  both ramps there  is a smal l  but

definite increase in the discrepanc y between the e xp e r i m e n tal  u~ and Equation
8 in the strean~ ise direction . The r -ason for this is not imeduately

16

-—

~

-

~ 

~ - -- - ~—— -— ~~~- - —-- - — —  —-~~~~ -- -



obvious , but it reflects in the mixing length calculations in Section IV-b ,
and is disc uss ed further in Appendix 8.

For both ramps , a p lot of the wake function 14, for the same survey stations

shown in Figures 27-29 , is presented in Figure 30, where it is compared to

Coles ’ approximation 2 sin2 (y/2—c). Although the agreement  between the ex-

perimental and theoretical wake function is considered reasonable , there is

a systematic increase in the difference W-2 sin~ (-~-/2~ ) in the streaniwise

direction , with the sign of this difference changing from - to + as the outer

edge of the boundary layer is approached. Fur thermore , in contrast to the

sine function which vanishes as I~~ 0, 14 remains finite as the wall is

approached.

In Re ference 8, Coles discusses the ef fect of pitot probe errors on velocity

measurements near the wall. These errors , which arise from a variety of

sources and include probe interference effects , uncerta inty in probe position ,

and the in f luence  of local ly  h igh  turbulence levels , are d i f f i c u l t  to diagnose

and to co r rec t .  This , in f a c t , is the main reason wh y the c u r v e - f i t t i n g

procedure is res t r i c t ed  to da t a  for  which y+ > 50. For the present tests , the

discrepancies between the data and the universal correlation as illustrated in

Figure  29 and for particularly y/E’ < 0.2 in Figure 30, are s imi la r  in t rend and

magni tude  to those associated with the numerous experiments examined by Coles~
’

and are not considered unusual. Consequently , the curve-fitting procedure is

assumed to provide an accurate determination of the parameters 6 , u~ and
A summary of the boundary layer parameters obtained from the curve-fitting
process is presented in Table 2.

Clauser4 def in es an e f f e ct ive disp lacemen t t h i cknes s  of the turbulent boundary

layer in terms of the transformed velocitigs as:

= -~~ 
‘

~~ (u~~ - u~ ) d(y/t) 9a

17
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and t ht c or re spond i n~- shape I act or as

- - -.- + —

= 
‘ (u — u ) d (y/_ ) 9b
o c

where t O T  c o ns t  a n t  p r e s s u r e  lov e r s  ~ a n d  ~ / ‘  hayc- the ~-alu€- s t- .8 and 3.6 ,

r e spec t  iv e l v . t r i t c e n in the ve l ocit y deject form used in Equation 9.

E q u a t i o n S ~‘e-c

+ + 1 - -
U — U = - n \/  - 

— —(l~— _ ) 10

+ +Typ i c a l  p l o t s  of u — u versus v/~ l o t  s u r ve y  s t a ti o n s  located just u p s tr  cam

a t  the  mid po in t , m d  a t  t u e  te or of t he  raI- ~r , ore shown in Pi ~ure 31 loT

Ra mp 1 and P-imp 3 in order  to  illus trate the effect of the p r e s s u r e  gr a d i e n t

on the shapc- of t h e  v e l o c i t y  p r o f i le .  For R amp 1 , the  p r e s s u r e  ~r d ie -n t  is

r e l a t i v e ly  weak  ari d i s  n e a r ly  c o n s t a n t and the v e l o c i ty  p r o f i l e s  - i r e -  in-

dependen t  ol s t r c -amw is e  l o c a t i o n . iht-  p r e s s u re  gr a d i e n t  f o r  Ramp 3 is s t r o n g e r

and i n i t i a l l ~ t h e  v e l a c  i t v  p r a t i l e  is d i s t o r t e d  (compar e  ~: = 5.08 cm station

to  = 0 cm st a t  i o n)  - h o w € - v c -r , s i n ce  d~ c rcase-s w i t h  ~: , the  c - I l e ct  of the

pressure gradi ent diminishe s m d  t h e - s h a p e  of the v~- 1o c i t y  pro f  i le  at the

rear ot t he  r amp  is almost identical to that where dp/dx = 0.

A p lot  of t h e  i-oundarv layer t hj c k r i e - s s  v e r s u s  a x ia l  position x is shown in

Figure -~~~ which include s ~- a I j e ~s 01 oi- taine -d I ron the c u r v e — f  i t  t o  t h e  L ow—

of—the—Wake correlation and t h o s e  de termined directly Iron the  measured vel-

o c i ty  p r o t i  ic .  Thc- l a t t e r  were  e v a l u a t e d  iron i  v i s u a l  i n sp e c t i o n  of the  p r o f i l e

i-v S c -  I t - c t  i n s , the v I-ac a t  ion w h e r e  t i - c  -oundarv l ov e r  d at ~ i me r g e d  w i t h  th e- d a t a

in the- e :- :tc - rnol St r e l n  and dc’n o t i n :  this p o s i t i o n  and t he- associated velocity

as the  -d~ c c o n d i t i o n s  • The th iePn t ss was  dcl m e d  t h e n  as  the  y p o s i t i o n

where- u 0. ~‘°5 u . WI t N the c:-:ccption of the I orward p o r t i o n  01 P imp 3 , t h e

- - s u its d~ tive d I ra~ he c o r r e l a t i o n  a re - in e~~;e e I li-nt i gre ej u e n t  vi th those

oh tained I roe th~ p r o f  j le data. The v a l u e - s  0 1 used s u i - s c - q i i & - n t l v  in t h i s

repor t lre t h o s e  de -t  e - r e i i n e - d  t r a m  t h i &  curve— I it of t i - i -  v e l o c i t y  pr o file - .



Figur e - 33 presents a p lot o: the wake p ar am e t e r  versus axial station :-:. For
both ramp s , jumps to a peak value then similar to i- , decreases as the rear

of the ramp is approached. However , wh i le k is a maximum at the leading edge

of the ramp , the variation of with x in this re~zion is much slower , with

not reaching its maximum value until x = 3 or 4 cm. Since the pressure waves

generated i-v the curved ramp surface are swept downstream , then just behind the

leadin g edge of the ramp the outer portion of the boundary layer retains a

memory of its upstream history (i.e., the flow here is still characteristic of

dp/dx = 0). This is also the wake portion of the boundary la er which  con-

t r i b u t e s  largely to the value of ~~~~. Therefore , just downstream of the leading

edge , the boundary layer is not in equilibrium wi th the local value of

(Strictly speaking, the procedure for curve-fitting the data to the “Law-of-

the—Wake ” is not valid for these first few survey stations since the velocity

correlation is restricted to equilibrium flows). This is i n d i c a t e d  in Figure 34

where is p lotted versus 
~k’ 

The lack of correlation between and at t I l l

first two ramp survey Stations for Ramp 3 is quite apparent. Figure 34 also

includes the data of Sturek & Danberg
7 and Lewis , et al

6
, and the results of a

- 11number of low speed experiments examined by Coles & first and correlated n~- 
- -

Lewis, et a1
6. Interestingly enough, the data of Sturek and D a n b e r g 7 

l ie near

the upper bound to the spread of the low speed data while those of the present

tests fall near the lower bound of the low speed data . For Ramp 1 , the values

of Ek are too small to ident i fy  any s p e c i f i c  trend of ~~with tk. Finally , a

plot of Clauser ’s
4 shape fac tor G versus 

~k 
is shown in Figure 35. Again , the

present data for Ramp 3 lie near the lower bound of the spread of the low speed

data , although the general trend of increasing G with increasing Ek is apparent .

The results for Ramp 1 lie within the low speed data spread while , for compari-

son , the resul ts  of Lewis , et a16 are near the uppe r bound of the low speed

data  and in s l igh t l y  be t t e r  agreement w i t h  the t h e o r e t i c a l  r e s u l t s  of Mel lor

and Gib son 12. Excluding the flow just downstream of the ramp lead ing ed ge ,

the resul ts shown in Figures 34 and 35 are in agreement w i t h  the ear l ier

findings of Lewis , e t a16
; namely, that the boundary layer is in approximate

local equilibrium throughout the adverse pressure gradient region . Thus ,

the boundary layer profiles are characterized by local condition s only and

u n a f f e c t e d  by the f a c t  t h a t  is not C o n s t a n t .

19

_ _  



—--~~~~~~~~~~~~~
- - -- -~~~~~~~---~~~~ - -~~- - -~~~ -~~~~~~~~~~~~ —

~~~~~~~~
---

~~~~~

A p l ot at w a ll she- ,: r st r e ss  ~~~ etc t e’rmi ne-cl C ron he u rye- — 1 i t - - the h iv—

ot— t h e — W a k e  , ‘‘ v er s u s  1:: i of a t  t a t: is shown i i :  F i gu r e  ~n vi: ich inc ludes w a l l

shear mea surements m ad e-  v l ie  0. 1 cm diane -ten Preston U ’ e  . The Pres  ton

:u : - e- data was reduced usit:g the h r z i d s h a w — U n s w o r t h  0 correlation :

o r rd lo
~ j~i~

U d/)0 ) 2 3 . 7  _ log
10

( u d/ 5 0 - )~

— l0 ’
~ b L (u d/ ~. ) O

~~~
1 

- ~ .o J

r ’ f l c Tc  p i s  t h e  i ’ r e s to n  t u O t - r e a d i n g ,  d is  t h e  tuse di amctcr and ~h u - / a .

The two S e t S  01 results are in v e r y  good agr e e m e n t  a l t h o ug h  the  Pres ton  tube

:-te-asurements are -mc -n e r a l  lv lower than the d a t a  ortain e-d iron the veloc itv

c art - c a t  ion w i t  a a -xi x i mum di ~ I e to nec - ol at  t I m  ~
- - re .  :r al Ramp 3. i- seth  r e —

suits , l O W O V e S t , show a c o n t i n u o u s  t n c r c a s e  in itt th e -- dowmstneam dt n e c t i on .

j O OC cons i s t e n t  w i t h  t h e -  Sc i ect i o : :  01 t n t -  a o un d rv  layer th i c k n ess , t h e

w a i l  s i c a r  s tr  c~~s -ic t e rn in e d  f r om  t h e  c u r v e - — i  i t  to  L q u a t i o n  5 is used sur—

S e c ue r i t  l v in  thi s re-p ort - A p lot o h& 1-ac - il skin C r1 ton coefficient e 1

versus Re- - is presented in Figure 37 w h i c h  includes , for comparison , the skin

fric t ion  coc - f i  id t r i t  t o t  d p /d x  0 c a l c u l a t e d  I r o n  t h e  Karman—S choenherg

e q u a t i o n  t o ge t h e r  with the Van Dri est trans lorria C i  on as outlined in Hopkins

and Inouve~~~. For a given ~~ and  R e : ,  t h e  m a x i m u m  d e v i a t i o n  ec - tween the

measured e and th at c.:l ct:l ated Icit dp / d x  = 0 is about 10’.- with the measured

v a l u e s  somewhat l ar g -r . This  c o n t r a s t s  wi th e ar l i e r  findings w h i c h  indicate

that e decreases as is increased. Nevertheless , i t  appears that the in-

c rease  in the local wall shear  S tr e S S  i s  the consequence of increases in the

‘ac al dynamic pressure brought about i-v the pressure gradient.

3. NON-DIMENSIONAL BOUNDARY U\YER PROF I LES

As i n d i c a t e d  in Section 3 , the- houndar~- lo er protile s measured a l o n g  the

_ _  ~~~ -~~~~~~-—~~~~~-- ~~~--~~~ --~~~~~~~~~~~~~~ 
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vertical to the surface of the ramp (i.e., perpendicular to the tunnel axis)

were interpolated to provide profi les norma l to the surface . With the boundary

layer thickness S now determined as described in Section IV-2 , the boundary

layer profiles along the norma l can be non-d imensiona lized. At each survey

station , the velocity u at the position y — 5 was arbitrarily assumed equal to

0.995 Ue, providing a means for specifying ue. The profile data was searched

to find Y — 
~e 

at U — U
e~ and the edge values of the remaining properties were

defined as their values at y~. The edge conditions U e~ ~e ’ 
and Me and the

integral properties 6* and 8 and listed in Table 2. Because of the varia tion

of static pressure across the boundary layer and the lack of a freestreatn region

of uniform flow , it was necessary to modify the conventional expressions for the

integral properties. The definitions used here were suggested by Mc Laf!erty and

Barber 15
, and recoimnended by Sturek and Danberg 7, and take into account the flux

deficit appearing within the boundary layer referenced to “ideal” properties

calculated with the experimental static pressure profile. The integral chick -

nesses are referenced to the ideal properties at the wall and in the case of

cons tant static pressure reduce to the classical definitions. Accord ing to

this interpretation , the integral profiles are given by:

u
w~6k

* — ~: (u
# - u)dy

~~~~~~~~ 6* — T~ 
(o~ u~ - pu)dy

- - p ~u ~~~ - ~~ 
Pu(u# - u)dyV V -o

where the ideal properties and u# are calculated using the measured sta tic

pressure profile assuming constant total temperature equal to the freestream

T value and constant stagnation pressure equal to the test section total

- i pressure p0.

Profiles of U/U e versus y/ô at each survey station along the curved surface

are shown in Figures 38 and 39, f or Ramps 1 and 3, respectively. Similarl y ,

21
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pr o t  ic- s ot lli~ h~ t l U SlO e r , ~~ , \- e -rs us i l  t,)r Romps I ~nd 3 -Ire shown , r&-spe’ct ivc-l v

it :  F istic - s ~.tl and ~.1 . i h e st t i~~ure ’ s indicate th a t  t oi -  e - i e h  ramp , tile- developmen t

ce t  t h e  i - o u i i d a i v laye r is gr,idua I and c O n t i f lU O U S  and r e - c -  o t  di scontjnuj ties, fo r

3 in p a r t i c u l a r , thc prof ~lt p l ots rov e-al gradual change-s in the sutil av er

t h i c kn e s s  which ce c i r along the- 1t - t t ~ : : b :  01 th e - ramp .

In a re-cent paper , ghi t I ic 1 d and Hi g h: 1 e ’ tt r’-i  t i e  d t h e  e I I ec of no,- — u ni t y Fr mdii

num ber  on t h i e - t o ij i  t e - m p er o t u r e - — ve - l s e c i t v  r e l a t i o n s h ip b r  : ero  p r e s s u r e  gr a d i e n t

f l o w s . The c l a s si c a l  Crocco relation H u/u e- is r e s t r i c t e d  to u n i t y  P r a n d i l

nun -cr , on assumption node t o  e i i : :  i i i t  ~
- t he  t u rb u l e n t  shear stress It- tm iron

t h e  c ami~ i tied c’UC 1’ _:v— : ‘ lOt :le - t t  tU:’- egu i t  jot: - As a c on seque-ne- c , :tc i- at a relat ions

i i  1 10 p r e d i c t  t h e we- i  i—know n  t o t a l  ermp e - r a t u t - e oi- c ’r sh o at  o: ’sc~ t v~~ ci in t :ot:~

u n i t y  I t - i t i d  ri nun : - . , id i .i i-a t i  ‘ O U f l c t - t t \  1 a v e  is . To ov er e o l s t h i s  p r o - l e t ’ : .

R~ j t t cc I 1 and high i ntrodu c~-d on .lpprot~i::t.- it  ic i e I t or t h e -  u n - u  1 o f t  s h t . tr

St  t eSs  di s t r t : - u : i o n  and dci- i c e d  at :  ana 1 v t i  a I ~-o1 U t  i at :  which proc i d e S  a t e - .: s a t-  —

a h- .: 5i’ e one - n t  i.-~ h c~ pt - r i  me -n: 1 se:- S C ’ ri-itt oti s c . g . , SO t - Re I t - r e - t i c  e- 3) . lo t th e-

p r e s e - t :t  e- t - :p e : i m s - l : t s , L Is t s  b un t1  t a . :  t a t  H \‘e-rsu~ U , - c: r e - i t t i o n  is i n sen s i -

t i V e  t o  th~ pr . - s s:::e -:r ì d i c :: a l L h o - u - : : , h i ,  :-hox-:- l i t e r , t h e  S t t t  I V  S t r e s s  dj s—

t r i - u  l ot : .1 p~~ t I- c l it  1 V 1 5 S t  l o t :  :1 dc -pc ttde :: an — 
- 1 1 i ~- a I 11:1  e t c  S t  , I he -r t - I o r ~

t o  ::1 ne more O s c  lv : h t - W h : : t  t o  let u:d lti~~n 
‘ so 1:: j o : . r I t e  c s e :m : - l  t ie d e - t : e  v. - -

t i -am e n t e n  e q  U t lo t :  c a a e c ~: p r o s  Se ct -

dTh 1 d di~
11 — f ) — —~~- + 1- (~~— l )  ~~~ = (1 i i

— i n .  — - — t a  -

(ill — 
~t t :  at

t i s i t t ~ t : a -  h i - i t !  i~ - l d — h i ~~h i t i - ’ t . i t  - i t , t i m  av~-t - i t s  r e -p r o s e - n t n o r m i l  i t t  j o t :

w i t h  r e s p e c t  o t h e  I t e e  l . L I e a :  v i l u e  s ~~ i .c .  , ii = h/h .- , ci = tt iu -) , W’hi t h e  i d

ant i  f h i g : :  l S t . u m 1 ~ t h a t  t h e -  Rt v t i o I e t ~ S i l t  t t -  s t  t e ss  is proport ion .il t o  t h e  t u r l ’u l e -n t

kinetic e n t r y  u-h tel l , O t t  t h e  S i  5 0 i t t  c , t i  I i t  st u d v  , I c - a d s t o  t h e  f o l l o w —

ins . ip ~ - l e ’ . i - a m  c a t:

= e : .p  ( — -~~~~~i/ \ - ‘



- ---~~~-----~~~~~~~~~ - -  ~ w~~~~~~_-~~-~ —~~~~~~~~~~~~~~~
-- -

~~~~
F—— —•--——- - 

~~~~~~

Us ing the definition of U , Equation 1: can t-e rewritten as:

w 
= 

~w 
exp ( - ) 1,3

W i t h  the fu r t h e r  a s sumpt ion  t h a t  the v e l o c i ty  p r o f i l e  can be expressed as a
power law : —

- 
- ( / ~~) l /m

— —. . - . .~~. . - 4 .• - )
Equat ion 11 can be written in the form :

~ .4 - 
~ (4 ~~~~~~~~~ + -~~ ) -

~~ 
-
~~ 

+ (1 - e) A ~ = 0 15

where:

c l
~~~

Pr m

~~~~5/2 m

Equation 15 is a second order, non-linear ordinary differential equation
for h(u) which was solved by Whitfield and High 16 assuming a solu tion of the
form:

r

~ (u) — ~~~~~(i~~) + 
~ 

I’
~l~~~ 

+ .... lb

subjec t to the boundary conditions for the adiabatic case:

di~~(O) d~1
(O)

— = 0
d u

17

— 1

— 0

23
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11

I
Recurn ins t o  i c u . t t i o a  3 rue detst:v c - t r i o  ( u s t I : a a t y p i c a l  m e a s u r e d

i- il at - a tic w 11 pr o :  t i e  I or  >i~ = 3 an d dp! dv = 0) . t h e  e : :pon en t 1 _ i l  t o  t- m- and

t f l e ,  r a t i o  / i - v t  0cc:: p l o t t e d  it ’. i i g t :~S~c —.2 , it ts sc - e n  that the- densit yw -

e t af l 5 e !  a cr o s s  t h e - S u : - i , i v e r  is  :::u~ l~ t :e-t ci-.::: tu e cn a n e it :  e n p s e n t t n r l : i  t e r : -

so t h a t  / r e a c h e s  a p e a k  v a l u C  01 . . l n t o st  1 ,5 at v/~ 0.15. As shown later , - -

the shear stress distr ihurto:: i t t  Fi~ t:re h2 is s t :- - i l a r  t o  t h a t  1o: 0.--. . in

a r e c e n t  s t u dy . S an d b o r m ” conc luded  that for  d p i  d:: = 0 , t h e  she ar s t r es s

dis zn m ut t on -/ ‘
~~ \- e - r su s  y / ~ is c S  se - I :  :1 a l l y  i n d e p e n den t  of Mach  n un t - e r  and in-

s e n si t i v e  t o  v.111 temperature. In t a c : , his “.-es: estima te ” of — / versus

is c lo se  lv  a p p r o n i m  il my t i le  t t p e i : t Cf l  t i a  I t o  in— i n  il gu a t  lot : 13 an d

Fi~ u r e  ~2 .  ( o n s t -~ ue -n t lv , t h e  . C h i t I  l e  1d~~i I l g h 1° a n . : l v s i ~ i s  repeated :- elow u s i a

the  f o l l o w i n g  e t - p n e s s i o n  f or t a t -  tur:’ulen: She .IV stress:

2 - 5,2— = U ~ e- : p ( - -. (y / ~ 
-) ) is

Note t h a t  ,:t t = 0 E c uo : i o a  1~ i s  e q u i v a l e n t  to l cu a r : o n  —. .12 -

u s i n g t a t- e~ e l in t  t i :’. o: - , i a u , t : l  set :  I~ 0 0 1  ones:

= e X I’ ( - -~~~v/ ~~~)
° 

~~~~ 19 —

w

A s s u m i ng  u = ( v /  ~~)
1

, Eou;:rion 11 can -c expressed as:

5)

dTh - dh -

—~ -— - — — .-t~ 
-l 

— 4- (l-c)A = 0 20 a
d u  du

where Equation 20 is now a second order , linear differential equation for

~(u) subject to the boundary conditions given i-v E q u a t i o n  17. It is a g a i n

ass umed that the solution has the form expressed 1-v Equation lb leading to:

= i + 
~~ z i -~ : - ~# - i_~

2
~ + 

4A , :i_ ~~
-+2
: ~ 21

— - (y +1)(t-+2)

where a t the wall:

— 
— 

A 
- A 

_____________h - + 
2 - - 2 

-

24 
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Note th at Equation 21 reduces to the Crocco relation when 0.

In the present nomenclature , the Crocco parameter H can be expressed as:

- A - ’ -
h + — u - h

2 w

-o

so that , substituting Equations 21 and 22 into Equation 23 , we have for

the adiabat ic case:

S ’ u  
—

-~ (--+1)(--+2 )
H u  - , .

8 -
— -I

(-+l)(--y+2)

Th us , to f irst order , the H - u relationship is independent of both M~r and

Pt
m 

althou gh it does depend on the velocity power law exponent rim It is

interesting to note that the correction introduced i-v retaining the she ,:-

stress term in Equation 11 represents a departure from the W a l : 19 
q u a d r a t it

law rather than the linear Crocco relation .

To v e r i fy  that the power series solution for ~ (ii) converges rap idly , Equation

20 wa s solved r e t a in in e :  terms of the order of c .  While the resulting solu-

tion tor H now shows a dependence or it differs from the first order
rsolution by less than l~~.

For the cas e of constant  w a l l  t empera tu re , Equa t ion  11 was solved subjec t  to

the boundar y conditions:

F1 (0) —
o w

25
F 1 ( 1) — 1

h
1

(1) = 0

25
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~~~~~~ ~~ — 20CC. Thie p a r a m e t e r  F is çuire S e-n s it l v e  a n d .  b r  e x a m p l e .  an in-

crement ot 0. in. F r e p r e s en t s  o n ly  a c h ar i o t  in. ti -1 l o c a l  t O t - i  :- :~r-er’:ar ~e •

Hence , t h e  app arentl y large di n t - i c- rices in Fi -- a r e  -~3 cort-cspori d t o  seal’: a :e-u

degr ees in it~ oIrt I t  t t ’:n~ Or ~~I u r e - . P i t h  t i - i s  in :::j nd , t t 15 s U g u i t s I €  LI I t , t t t a t

2 0 d i s t r r n u : i a r r  a c r o s s  r n ~ - .-se-ond lrv - :v et i’ i i -  in s e ns i : rv ~ t o  t i-0 f lOd e 1 t iSSLt te-d

for the zu r : ’ u l en :  si-car stresses. This nov exp lain wi-v Inc present te sts .

where the pre ssure gradient products large chanoes in the shear stress Ot t - -

tr ii-u :ion , indicate Srmil ar results for the variation oi Ii \-ersus ~~~ . T h 2 ~ i s

shown in Figure 45 when F versus u has been p lotted t o n  d p Id~ = C and  Ite m

forwa rd and art positi on. ten 1-0:1: ram p s .  The si m i lat - i t t-  in I n € -  H p r a I r i e s  i s

qu i te  te t v i o u~~ triO i n  g e n e ’r ol , d i f f e r e n c e s  f r om  t h e -  d p/d :-: = 0 ~a~ c cannot te-

distinguished.

B e f o r e  c l o s i ng  th i s  O r s cu s s i on , i t  is in s : r -u c l iv e  to  C X t t l n t-  the solutro n ton

the cor ~s ta n t  vai l temperature c a se - .  .A p 1cc : of Equa tion 2r t a r  th .. = 3.

Fr u, .85, in = 7 and severa l  v a l u e s  01 waL  t e mp e r a t u r e  is presct : t ec i  in

F i g u r e  ~ e wh er e  it  is c ompared  to the Crocco r e l a t i o n , t he h~~i t n i e l d _ H i g::
h

s o l u t i o n  and :~~p ic~~i e x p e r im ent a l  d a t a ° . The d i f f e r e n c e s  i-€tween E q u t : i a : :  ~~
and the s o l u t i o n  ccl h1: i : tie- ld  and Hig h are q u i t e  s tro l l , b o t h  a i e  in good a g r e t - --

ment w i t h  th e  d a t a , and i t  is a p p a r e n t  t h a t  even f a r  mo de st  h e a t  t r o n s te r  r a t e s

( i . e ., the T~ /T 0~ = , l-i c a s e )  the c l a s s i c a l  Cr occo r e l a t i o n  I s  ~a occod ap-

proximation to tnie dato.

DETE R2- I INAI2ION i3P STREAI-fl I SE DERI VA TIVES

In order to calculate the turbulent shear stress distri}-ution at  Su r v ey  s t a I I~~n s

Located along the curved ra:ap surface , it is necessary to  f i r s t  c a l cu l a t e  tI -i c

profile of the strearrMise gradient of t u , tu  and p. At  t h i s  s t a g e , the

flow field data is specified in terms of profiles of u , t , tu , e t c . ,  a l on a  the

norma l to the s u r f a c e  at set-oral szreamwise locations. The set of v l o c a t i on s

generally differ at each survey s t a t i o n . T h e r e l a r e , a r e f e r e n c e  st a t io n .

g e n e r a l ly  loca ted  near the mid point of t h e  ramp , is sel e c t e d  and t h e  v locations

a t  this station are denoted ~
-

. At  eac h r em a i n in~t s t a t i o n , the  p r o f i l e  d a t a  is

27
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in t e r p o l a t e d  to d e t c -r rnine the  fb i-: p r op e r t i e s  a t  v
0 

F or e tch  Y then , the

p r op e r t i e s  u , cu , 0u and p a re  curv e- -n t to a second order pol ynomial in

terms of the s:ream\-.-ise distance s and the resultina e:-:pression can rie differ-

entiated analyticall y to determine d cu(y ,s)/ds , etc.

~uri i l l u s t r at i o n  of the newl’- interpolated flow field and the  r e s u l t i n g  c u rv e -

f i t t e d  flow field is shown f o r  Ramp 1 in F igu r e s  1,7-49 where , r espe c t i v e l y ,  u ,

n-u and p have  been p lott ed v e r s u s  s f o r  s e l ec ted  ~ p o s i t i o n s .  Simi lar  p l o t s  of

u , c u and p ve r sus  s fo r  Ramp 3 are shown in F i ou r e s  50-52 , r e s p e c t i v e ly .  In

c a r ry i n g  out the c u r v e - f i t , p a r t i c u l a r  c a u t i o n  mus t  be exercised concerning the 
- 

-

data from the first few survey stations on the ramp . The pressure waves

generated by the ramp are swept downstream and the leading pressure wave

p e n e t r a t e s  the  ou te r  ed ge of the boundary  layer  several  c e n t i m e t e r s  downst ream 
- -

of the ramp leading edge. In t h i s  r eg ion , the inner  p o r t i o n  of the bounda r

layer feels the influence of the pressure gradient while the outer portion is

characteristic of dp/d:-: 0. lioving downstream from the leading edge , the -~~~

inner portion influenced ov dp/0:-: > 0 grows thicker w h i l e  the outer  po r t ion ,

where the effect of dp/dx = 0 persists , tends to vanish . Data from survey

Stations within this region should be excluded from the curve-fit since the

profiles here are not characteristic of the equilibrated boundary layer in an

adverse pressure gradient. This effect is illustrated in Figure 51 where the

data at :: stations 0, .63 , and 1.9 , particularly at the outer edge of the

layer , does not blend smoothl y w i t h  the  downstream f low f i e l d .

A partial test of the validity of the curve-fit is provided by examining the

changes introduced by arbitrarily eliminating data from some of the survey

stations. For Ramp 1, for example , the results obtained by retaining the rear

survey stations and eliminating one or more of the forward survey stations

(starting with x = 2.74 cm) differed to an unacceptable degree. Only a slight

improvement was observed b y reversing the procedure. However , a significant

improvement was obtained by includit cg the :-: = -1.27 station in the curve-fit.

In this case , eliminating downstream stations produces only small changes in - 
-

the c u r v e - f i t  parameters  and provided accep tab l e  shear s t ress  distributions

over most of the ramp . Including this station , althouuh it is located upstream

28
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of the ramp , was justified by the relatively small pressure gradient associated

with Ramp 1 and the fact that the edge propert ies do not vary significantly in

the streamwise direction (see Figures 47—49). For Ramp 3 , however , it was

considered necessary to exclude the data from the f i r s t  three r amp s t a t ions

from the curve-fit.

Illustrations of the y variation of the streamwise derivatives ~ouI ~~s , 3:u 2
/B s ,

and E~p/Bs for Ramp 3, x = 7.62 cm are shown in Figures 54-56, respectively.

These curves are not considered typical since the magnitude of the derivatives

and the shape of the cu rves depend on s and dp/dx , but they demonstra te  tha t

the curve—fitting procedure yields continuous results with relatively little

scatter in the derivatives .

5. TURBULE NT SHEAR STRESS DISTRIBUTION

a. Zero Pressure Gradient Region

Combining the continuity and streamwise momentum equations for a zero pressure

gradient , adiabatic boundary layer yields:

= - ~~— (ou 2 ) dy - u a ~~~
— (pu) dy 27

Following Sturek
2 
we assume that the flow is locally similar (i.e., that U/U e,

O ’ O e,  e t c . ,  are f unctions onl y of y / ô )  so that  Equat ion 4.27 can be rewr i t t en

as:

- 2 ,.

w 1 d~ 
- u ‘

~ ~~~~ 
- 28

, dy - — . 0
— — d y _

~~dx P u  u P u

The assumption of local similarity is a convenient approximation and is not

valid near the wall. However , in this region the contribution of the con-

vective terms is quite small and the use of the approximation across the

entire boundary layer is justified. With this assumption , we can also write :

1 dl 1 d 1 Cf
— — = —— =— - —

dx - d x  2

29
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Substitu ting this relation into Equation 28, we hov~-:

1 st 2
30

which can he evaluated numericall y using t in- measu red  pro t i l e  data .

b. Adverse Pressure Gradient Region

According to Sturek , the equations 01 contin-ii t v and momentum conser v a t ion

for a two dimensional boundary lover over a suria-c with longitudin al curvat urt-

are :

Continuity

(ci u) + j— ~( l  + k ) (~~- + T ’T’)i 0

Momentum

Pu -
~~~~~ + (a v + ~

‘v ’) -~~~~~ + ( .  c. 4- -::--c:
~
T -

~ ~ 
.J ~_.-.

1+kv ds C \v l+k

~~_L_ 
-~ ii +i~~~l+kv 3s ~v

Integr a t ing  E q u a t i o n s  31 and 32 In t h e  e l j  i ce -  t ion v norma l t o  t he  sunfoe-

and c o m b i n i n g  the  r e s u l t i n g  e q u a t i o n s v i  (- 1( 15 t in’ I ccl lowing r(- l ation Ioi- t h e

shear st r e s s  d i s t r i b u t ion :

¶ -v - -1 ~~- - -\
— I + - --- 

- F 
~~~

— (p u ) dv - uF - 
-

~~~~

- (p u )  dv

l v  ~~ v - 
- 

1 c.-
— 2 . 

- 
-
~~

--- (a;) dv - t i - ~~~ Is (lv 4 -1 -~ -~ dv
cc 0 dt- — - - 
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The streamwise derivatives ~~~~~
- a p p e a r i n g  in the  ah o ve -  equa t ion  were d e t e r m i n e d

using the curve- fit procedure described in the previous section . The \-alues

of the w-~l1 stress were taken from the correlation of the measured pro lile

data with Coles “Lac.~-o l-the-Wake .”

c. Resul ts

The computed normalited shear stress distributions for Ramp I are shown in

Figure 56 and include the stress distribution in the zero pressure g r a d i e n t

region 1.27 cm upstream of the ramp leading edge and those  o b ta i n e d  in the

adverse pressure gradient region at stations ranging from x = 5.27 to 12.7° cm .

The scatter in the data points is nil and for clarity , the shear stress dis-

tributions have been represented by continuou s lines drawn through the data

po in t s .  In the zero pressure  g r a d i e n t  case , the computed shear stress di s-

tribution is in good agreement wi th expectations based on Sandborn ’s “best

estimate” for flat plate boundary layers.
18 For the adverse pressure gradient

region , the stress distributions indicate a peak at y 0.2 to 0.3 cm (v/s

.3 to .45), with the location of the peak value shifting away from the wall at

the downstream locations. In addition , the shear stress remains finite at the-

ed ge- of the layer although there is a systematic shift in the sign of the

residual from negative to slightly po�itive in the downstream direction .

If the data input to Equation 33 were completely accurate , the shear stress

should tend to zero in the external flow . (Actually , the flow in the external

stream is not uniform , so that the streamwise derivatit-es there do not

identically vanish and T remains finite , albeit small). Even it the measured

pro f i l e s  were h i g h l y  accurate , each of the subsequent manipulations to which

the data is subjected introduces an uncertaint y which reflects in the final

result. Thus , the non-vanishing stress at the boundary layer edge in Fi gure So

is believed to he primarily a consequence of the data processing. It is
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possi b le t o  C cL ) i~1~ e~e t he -  O tt .  so t h a n  t O e  s i l t - a r  s ir e  ss d~ e~ c . - o n i s h  i t  the- c -d at

o f t h e -  t - o u n d a r v  l a - .- - r .  l- oi- e - \ l m p le  , SturcL~ alt ered h is prod i l e  01 m u / - s

versus v to e- l i r i i n a t e -  a l a n e - ne gativ e- r e s i d u a l  st r e s s  it y/ 1.0. However ,

there- is no rationale- for hanti t i e on l  \ one- ot th e  der I c.. ; ii c e  t e r m s  to  t h e -

exc l u s i o n  of t h e  o th e r s , i i  is  also p~ s sil-1e to alter lie c u r v e — l i t  d e s c r ib e d

in S e c t i o n  I \ — ~ by c-x e l u d i n g  sonic - of t i l e  pro !  L i e  s t at i o n s .  lieia a ga i n , t he - r e

is no b a s i s  f o r  cc; 11 inc t h e  C l i i  a used in the c u r v e - — l i t  except for data just

behind nh1 leadin g edge as diseu~~ ed in the previou s S e c t i o n . t c c n s e q u en t l v ,

the data h a s :-e en id t u n a l t e r e d  and the she-ar stress distributions at x

stations ~ ,q5 , 10 .15 and 11.52 cm , where 
~~~~~~ 

L- ec om e s ; i e . a i i a i t ’ l e  at  the  e d g e

01 the boundary lover , a re  c o n s  idet - ed r e p r e s e n t a t i v e - ol Ramp 1

Since t h e  h ot. p r o p e r t i e s  i r o n :  v = 0 t a  v = v 11 conh rl:- une t o  t h e -  m a g n i t u d e

— a~ 
t- = c. . any correctio n w h i c h  w o u l d  c a u s e -  — — Ii at v would also

i n t r o d u c e-  a c h an g e -  01 t h e  s os, S i gn  and a p r o p o r t i o n - i l  m ogu l tude to the pe ck

shear stress, in  Fi g u re  5o , i i  a p p e ar s  th at i f was t d j u s t e - d  to vanisi : at

the e- e lcc  oh t h e  l o v e -i . then L i i i -  s tr e - s s  di  st  r i  n u t  i o n s  / v e r s u s  v/ ~ t e n d  to

ap p r o a c h  each o t h e r .  T h i s  imp l i e s  11.:- t t h e- n a r m i l i : - e’d s he a r  s t re s s  d i s t r ib u t  ion

is i n S e n S i t iV e  10 0 lo t  atcon . i . - , .  t o  -

~~~~
, and  is , i n s t e a d , d e p e n d e n t  on dp/dx .

The resii l t a s tot. I urt iter t h a t  t i e ; :  a w e - ak  p r e s s u re  g r a d i e n t  
~ k 0 . -~ produce- s

a pc-a k  s i m - a t  st r e s s  o0~. g i a - l t e - r  t h a n  t h e  w i l l  s h e - a r .

The shear St i e S s  d i s t r ib u t i o n s  f o r  Ramp 3 :r shown iii  l - i gu r c  57 w h i c h  i n c l u d e s

aga in the z e ro  p r e  SSUre ar c e - h i e n t  i c - s c i l t and t h e -  r e s u l t s  [or surveys st a t ion s  in

the a d v e r se  p r e s s ur e -  reg ion r a n g i n i - t o ;- : x •1 . iS to 7 . o 2  Cu ; . Whi le  t h e  peak

shear stress in this ease is S to $ . - - h Ole S t i l e  wall value , t h e  b e h a v i o r  ol the

stress distri b ut ion as a fun ct ion of o is similar to that observed fo r  Ramp I

and most ol t i n  c omments  made c o l ic er n in g  the Ramp 1 r e s u l t s  app ly to Ramp 3
as well. In part ieular , the  ~~ l i t - . i i  st r e s s  d o e -s not c omp l et e ly  van i sh  a t  the

c Ige- of the  bounda r y  lov er  ( a l t h o u g h  0 in  the  e x t e r n a l  stream). The

residual shear stre ss at v -~ ~ is  g e n e - r a l l y  p o s i t i v e  w i t h  a maximum absolute

value of 0.-s w ’ which is probably the maximum u n c e r t a i n t y  in t roduced by the

da ta  p r o c e s s i ng  p r o c e d u r e , and is now on1~- 10-
- of t h e  maximum shear stress
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in the boundary layer. Thi s data shows more conclusivel y that the normalized

shear stress distribution appears to be dependent on dp/dx rather than - k
which , for this ramp , decreases by a factor of almost two in the streamwise

direction . Sturek ’s
7 

results indicate a relaxation effect on the shear stress

profile since the maximum ~~~~~ at his forward survey s t a t i o n  (which was located

near the mid-point of his ramp) was one-half the peak ~~/ ‘~~ observed at his

downstream stations. However , in his case , dp/dx v aried continuously from 0 to

a finite value at the forward survey Station where it remained constant over

the remainder of the ramp . This contrasts the present experiment where a

constant dp/dx was imposed at the ramp leading edge and may account for his

observations. I t  should a lso  he noted that the peak /~~ increased quickly

downstream of his first survey station .

The ef fec t of pressure gradient on the turbulent shear stress distribution

across the boundary layer is illustrated in Figure 5S where stress profiles

versus v for  dp/dx = 0 and representative stations of Ramp 1 (dp/ dx =

1.2 nmiHg/cm) and Ramp 3 (dp/dx 5 mmlig/cm) are shown . It is apparent tha t

the stress distribution is extremely sensitive to dp/dx with the peak value

of -/~~~~~ rising from 60 to 3007. above the wall value for the weak to moderate

pressure gradients used in the present tests. It should he emphasized that

while  /
~~ 

versus v is invariant with x location , the absolute ma~~ itude of

is increasing since 
~ 

increases with x. This is demonst ra ted  in Figure  59

where versus  has been plotted for selected x Stations along Ramp 3. Note

that the maximum shear stress at the downstream position on this ramp is 5-6

times greater than 
~~
,,, 

in the dp/dx = 0 flow ahead of the ramp .

Since is a decreasing function of x for a constant pressure gradient flow ,

it cannot he used to correlate the shear stress T/ w which appears to he in-

sensitive to x . However , the parameter 
~ko’ 

where and are evaluated in

the zero pressure gradient flow just upstream of the curved surface , is a

characteristic of the h o w  field and remains constant for constan t dp/dx . A

p lot of the peak value of ‘I~~~~ , versus ~~~~~~ 
including data front Sturek ’s

7

exper iment and the present tests , is shown in Figure 60. The dashed lint-

representin :~ a line ar variation or (
~~/~ w~~li

) wi th t ko was drown through the-

S 3



most representa t ive  va lues  of 
~~

‘ wa 1l~ max obta ined  f rom the present  t e s t s .

Although the data do not follow a linear variation , the)- indicate a consist-

ent trend and demonstrate a reasonable agreement between the results of the

two experiments.

6. TURBULE NT TRANSPORT COEFFICIENT S

With the turbulen t shear stress distribution determined , it is possible to

calculate the mixing length -c.- , and the eddy viscosity e, using the following

expressions:

IL i’/P u~~ Ie e  34
~ L 

~~~~ 
r 

~(u/u )/~~(y/~~) 
r2 j

and

2
/O eue

- ,. .35
U e k (a/a ) 

~
(u/u e)/

~
(v/c) (5~~/5)

In the above expressions , is the turbulen t shear stress and is obtained by

subtracting from the stresses computed in the previous section the laminar

contribution ~~u/~y. Because of the very high density of data points , ~u/~y

was determined d i r ec t ly from the measured velocity profile using a simple

d i f f e r e n c i n g  scheme and no a t t emp t  was made to smooth e i ther  the veloci ty

profi le  or the var ia t ion of ~u/~ y .  As a r esu l t , the results for -l-/~ and
reflec t the scatter in the velocity gradient term. A typical plot of

~(u/u )/E~(y/~) is shown in Figure 61.

Near the outer edge of the boundary layer , both ~ and ~u/~)~ tend toward zero.
As a consequence , large errors are introduced in the calculation of €/U

e
6
~

and , par ticularly , in -(-/6. For th i s  reason , when y / 6  > 0.8 these quantities

are considered unreliable and are not included in the results.
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A p l ot or ‘/~ vers u s y/~ b r  the tera pressure gradien t boundary lover up st nea t --

of Ramp 3 is shown in Figure n . rh e- s ca t t e r  in the data , while not sma I

does not d e t r a c t  f rom a well—defined trend. Both the slope ~ 1 t h e  data in th e

wall region (‘I- O.-+ v/s) and the m a g n i  tude- of ~~~~ in t h e  p l a t e au  re -alan ;n,

in good agreement with the  conc. - e-n t i o n a l l v  a c c e p t e d  r e s u l t s  or N o i s e  and

NcDonald.’° The i n f l u e n c e  ot  the adverse  p r e s s u r e  gr a d i e n t  on ~~~~ is shoc.-n

in F i g u r e s  63 and n~ for Ramp 3 and Ramp 1, re spec t i’.- e i y .  b e c a u s e  oh t h e  sc i t  l e t

in the results , the variation of ~~~~ with v/~ has been represented nv a curve

dr awn throu gh the mean of the data points and the maximum range of the- scatter is

denoted by a vertical bar on each  mean curc . -e- . W h i l e  /~~. was show n t o  be i n -

sensitive to x , the mixing length is not normali ied by a w~il l parameter and .

there fore , ~/5 is dependent on the x s t a t i o n  and increases in the  d o w n s t r e a ; - :

d i r e c t i on .  Fro nt E q u a t i o n s  34 and 35 , it can he shown t h a t

( /: )~ / (~ u/~ v)

~ (1a ) / (~ u/ ? v )

A close e x a m i n a t i o n  of the d at a  r e v e a l s  that while and a b o t h  i n c r ea s e  w i t h

x , the ratio ~/a also increases and 5u//-v actuall y decreases. As a consequence .

for a gli-en v/~ in the plateau reg ion , both /~ and c/U ~
v
k 

increase i n  t h e

downs t ream as shown in F i g u r e s  63 th roug h 67.  Two points of particular inter-

est are apparent  in F i g u r e s  63 and 64. First , in the  adverse pressure gradient

region , the slope k (~ / 5 k ~-/5) in the wall region is 0.e5 and i s  independ en t

of x and dp/dx . This f i n d i n g  is i d e n t i ca l  to St u r ek t s observation , and its

imp l i c a t i o n  on the “wa l l - w a k e ” veloc i ty correlations described in See-ti c-rn I V -2

is pursued further in Appendix B. Second , the magnitude of ~~ is  s i m i l a r  to

the va lues  found by S tu rek , a l t hough  Sturek ’s value  of E-ko and those [or

Ramps 1 and 3 differ by as much as a factor of 9.

A p lot of the normaliaed edd y v i s c o s i ty  C/ ei e- Y k versus  v/ ~ f o r  the same dp/dx =

O station shown in Figure 62 is presented in Figure- 65 where i t  i s  found  to  -,
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in eN e t  lien: a g r e e - i n c - n t  w i t h  the  u n L v e r s a l l \  a~~ce -p t e d  r e sn  i t s  oh ~‘h . i i s t  and

Nc Don i I e1 or a si nil at ~1 an d ku~ • I i c  e I i  e I ~~ a t h e  r ~~t p re- s s nrc grodi~-n :

on the eddy visco~ i iv is show n tn  F i g u r c  t ’n and eT where , s~~ ln~ l i t  t e ~ t h e

m i x i n  l e n g t h , l it  d a t a  points hOyt cc n re- p 1 ~1cccl av  c O ti t  i n e o r  c u r v e  s f~t i  i c e

throug h the points and th e  m a \ 1 n u m s c at  ~ r in  t n t  do:.. is  re - p resented i-v

~-et- ti cal ni t - s • Fhese tigur es ret leet Inc same nehaviar 01-se r v ed  l o t -  t t i e  n i > . —

ing len tth and show Lao: t h e  eddy vis casi t’~ in~ n e a s e s  w i t h  x ,wi ih som - w h - t

larger increases apparent t a r  the- large- n v a l u e  a: d p dx .  in f - i c t  , t h e - n a > i n i u n i

value of ~ / u  iS  e v e n  lar sen t h a n  t a o :  found by S t u te  i~ although ~~~~~~

~ a lue at - ko is IW1 cc as lax - ge - as t h a t  for L~an1p 3. h o w e v e r , f o r  th e  .ei- o

pre s su re  c r a d i t-n t  C O S t  , ~-ture~ found c/u i
k 

to be only ha lX as large- - as that

p r e d i c t e d  nv  N - u s e  and  Mc D O n a l d _ b  and t h i s  discrepanc y may also oc re flected

in h i s  adverse  p r e s s u r e  . z r a d i e n t  r e s u l t s .



SECTION V

SITh~1ARY AND CON’~LUSlONS

Measurements have been made of mean flow p r o f i l e s  a t  severa l  scr ean ~c-i se

locations in the supersonic turbulent boundary lover over a curved ramp

surface. Two ramp models , designed to produce a constan t adverse pressure

gradient flow , were used with 
~ka 

(dp/dx)(~~ /~~) (with 
~~~~~~ 

e’valuated

upstream of the ramp where dp/dx 0) equal to O.-el and 1.85. Analysis of

the profile data indicated that:

1) With an appropriate compressibility transformation , the data c o r r e l a t e s

with the well—defined Coles “wall-w ake ” incompressible velocity profile .

2 )  C o r r e l a t i o n  of the  wake p a r a m e t e r  ~ and the  C l a u s e r  shape - f a c t o r e~ w i t h  - 

- -

the local pressure gradient parameter 
~k 

is in agreement  wi th the low spc-ed

data.

3 )  In agreement with the earlier findings of Lewis , et ~i ,
6 the bound ary

layer appears to he in a state of local equilibrium and is not dependent on

upstream history .

4 )  The total temperature profile , in the form (T0—T~ /T o~
_T
~
)versus u/u,. ~~

i n sens i t i ve  to the pressure gradient  and is s imi lar  to the var i a t i o n  fo r  a

zero pressure gradient  boundary l ay er .

5) The skin  f r i c t i o n  c o e f f i c i e n t  C f  was found to he e s s e n t i a l ly  the same as

for dp/dx 0 , imp lying that the observed increases in wall shear ire’ a con-

sequence of the increased external stream dynamic pressure introduced by the

pressure gradient .

Using the “indirect method ,” the flow field measurements wert- further inulv .-eel

to e x t r a c t  the t u r b u l e n t  t r anspor t  terms from the mean h o w  data . Results

show that:

1) The distribution of ~~~~ 
/c and a /u~~~~ .icros s t h e -  b oundary  lov er  f o r  t he

-37
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zero pressure gradient data of the present experiment are in good agreement

with the earlier findings of Sandborn 18 
and Maise and McDonald.2°

2) The variation of the turbulent shear stress - with distance from the

s u r f a c e  is s i g n i f i c a n t ly  d i s t o r t e d  by even modest values  of dp/dx.  In con t ras t

to the zero pressure gradient distribution , when dp/dx > 0 , - increases above

its wall value , reaching a maximum at v/~ about 0.3 to 0.4.

3) The normalized shear stress distribution ~/r~ versus y/I is independen t

of the local k~ 
although the peak value of / ,~ appears to correlate wi th 5ko •

4)  The maximum values of ‘-/~ and c/u e~ j~ for the adverse pressure gradient flows

reflect the increases observed in the maximum values of .

5) In the region of the wall , the slope constant k in the expression ~~~~~ =

k (y/ ) is 0.65 for the adverse pressure gradient case in contrast to the

zero pressure gradient value of 0.4. The value of k is independent of 
~k 

and

s: and is identical to the result obtained by Sturek 2 for 
~ko ~~~~
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Figure 14. Schematic of Data Reduction Routine
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APPENDIX A

DATA REDUCTION PROGRAMS

This section contains Program Listings for the various computer codes used
in the data reduc tion. Each listing contains REMARK statements providing
an exp lanation of the data inputs required for program execution and in
some instances , typical inpu t is illustrated in DATA statements. Figure 14
of the text indicates the sequence in which the programs are used during the
overall data reduction process.
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PROGRAM BLSU RV 2

10 PEN BL—SURV EY—2
11 PEN P I~ THE RAMP NO.01 IC 730 MMH€.02 IS 570 PEG P5W I~ THE WALL
12 PEN TEMP 540 PEG p,ss I~ THE To PPOPE D r A ~~. u:’ 05 INs AND N4 IS THE
13 PEN NU MBE R OF >-: PROFILES. X I~ THE PROFILE STA’IN” SPOSAO ,B O APE THE
14 PEN P0-C’MNHG ) FOP THE PT~ PS,TT SURVEY !; C0.P0.TO APE THE T 0 S  FOP
15 PEN ToS-UPVEYS;N1,N2,N3 APE THE NUMBER OF POINTS IN THE PT.PS,TT SURVEYS
15 PEN C1~~C2 APE COEFF IN y(cN~ =c1.Yc:MV)+c2, C3 IS P(MM)/P<MY) FOP17’ PEN PT SURVEY C4.C5,C6 APE SAME FOP PS SURVEY; C7,C8 APE V CONVERSION
18 PEN FOP IT SURVEY AND C9,D1 APE FOP T(DEG F) C9.T(MV)+D1. x 1 r ~::. AND
19 PEN 321N:’ APE X IN) AND P~ /P0’X).
20 FILES F1;F2;F3;F4;F5
21 DIN Y 200 .P~~200) .Z (200~ ,: 20cG~ 

, W ( 200) ,T(200)
2~ DIM X1 r15::’ ,S2’ 15)
:3C1 DIM LI 200) ,P1 ‘:200::~ .03 200) ‘TI <200::.
:~~~ PEAD :--:sPO,A0 ,B0,COsDO,T0,N1,M2,N3
4 ’:’ PERIl P.01.02,M. 75,N4
45 READ C 1-.C2 ,C3 .C4 .C5 ,C6 .C7,C8 .C9 ,P1
50 FOP N~ 1 TO N4
55 REAP X 1 C N ) ,52 ’- N . ”
60 IF >~=X1 (N) GO TO 70
55 NEXT N
70 LET 5~~~~~=S2 (N)~~~~ (l
75 LET 0>=0
75 LET TI0:,=W
77 LET L.s 0)=0
8(1 PRINT -• POUNDAP Y LAYER SURVEYS~ X (CM)~~~Xe2.54
35 PRINT
9(5 PRINT
95 PRINT
100 PRINT TAB’I5), PITOT S-UPYEY~~~~STATI C SUPV EY~~~

”TEMP SURVEY”
105 PRINT
110 PRINT P0(NNHG) .P0.R0.B0
115 PRINT -- T0’~DEG K ) .  ‘C0+460)’1.8 <D0+450)” 1.8e ‘~T0+46O)/1.8120 PRINT -
125 PRINT
130 PRINT
135 PRINT
140 PRINT - hIHAT APE FILES PT~~XXX ,PSXXXX ,TXXXX ,PSTXXXX .PLOPXXXX
145 INPuT F1S,F2S,F3S,F4S.F5$
150 FILE al ,FI $

~~~ FILE n2,F2$
is ’:’ FILE m3,F3$
1t~3 ~ TLE 4.F4S
170 FILE 5,F5$
175 PRINT
180 PRINT
185 PRINT
190 PRINT
195 PRINT
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2 00  PRINT - ________________________

205 PRINT
2 1 0  PRI NT
215 P R I N T
220 P R I N T
225 PRINT “ PIT OT PRESSURE PROF ILE ”

230 PRINT
225 P R I N T
24 I:~ P R I N T  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
245 P R I N T
250 FOP L=1 TO Ni
255 READ ai,V’L),P.L)
260 PRINT Y (L),P’L),
265 LET Y<L)=C 1.Y(L)+C2
270 LET P’L> =C:3.P(L)
275 PRINT Y~ L) .P(L) ,P(L) ’P0
280 NEXT L
285 PRINT
290 PRINT
295 PRINT
3(1 0 PRINT
:IIS P R I N T
31(1 PRINT
315 PRINT
:320 PRINT
325 PRINT
3:30 PRINT
335 PRINT :::TATIC PRESSURE PROFILE”
:411 PRINT
345 PRINT
350 PRINT Y ’M V ),PS <MV),Y(CM )~~,”PS (MMH6) ,”PS/PO
355 PRINT
36(1 FOP L= 1 TO M2
355 REAP ~2 ,Z(L) ,S(L)
37(1 P R I N T  (L ) , S ( L ) ,
:375 LET Z <L) =C-4.Z (L)+C 5
380 LET S’L)=C6 .S <L)
3F5 PRINT Z ( L ) , < L ) , S ( L ) /AO
390 NEXT L
:395 PRINT
4(11) PRINT
405 P R I N T
410 PRINT
415 PRINT
420 PRINT
425 PRINT
430 PRINT
435 PRINT
440 PRI N T
445 PRINT - RECOVERY TEMPEPRTURE PROF ILE
450 PRINT
455 PR INT
4~ (’ LET T0=TO+460
465 PRINT Y (NV) - , TT (MV) , Y ( CN )  - , TT(DEG K) ‘, ~‘TT/T0
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4 ’ f l  FOP L 1  TO N3
475 REAP 3’W (L)sT (L)
4C:, PRiNT W & L > ,T (L) ,
4~~ L E T W L ~~=C7~~ I~ L)+C8
49(5 LET T~ L)=~~C9.T(L)+D1’+46O)495 PR I NT ~“L )’T(L)’1.8sT (L)’T0
SIl O N EXT L
5i15 PR I NT
510 PR I NT
515 P R I N T
520 PRINT
525 PRINT
530 PRINT - ________________________________________

53~ PR I NT
540 PRINT
545 PRINT
550 PRINT
555 PRI NT - SUM MARY OF PROF I LE DATA , X= ”X.2.54
551’ PRINT
565 PRINT V (CM) , PT’Pfl ,

~~PS’P0,TT’T0
570 PP I NT
575I SCRATCH 4
58f) FOP J=1 TO Ni
595 FOP ~-= 1 TO M2
59(1 IF :CK)>Y (J) GO TO 600
595 NEXT ~600 LET 03<J)=~~(K— 1)+ S(K)—S (K—1))~~<Y J ’— 2~~ — 1))/(Z(K)—Z (K—1))
605 FOP L= 1 TO N3
6 10 IF W L ) > Y J1) GO TO 620
615 NEXT L
62(1 LET Ti ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~625 PRINT Y~~J:~.P (J :) /P0 .03~ j ) ’R 0 ,T 1(J )/ T o
630 ~ P iT E  =4.v j ,P j::’,—Po.Q3u~ /Ro,T i J - ’To
635 NEXT J
541) P R I N T
s45 P R INT
650 PR I NT
655 PRINT
A~~1’ PR I NT
s65 PRINT - _________________________________________

670 PRINT
675 PRINT
s80 PRINT
s85 PRINT
s90 PRINT
695 PRINT - MEAN FLOW PROFILES ‘TBL—J ) , RAMP NO R
7(511 PR I NT
7(55 PRINT
7~ O PR I NT
715 PRI NT
72(5 PRINT
725 PRINT - P0.N’N2 = 014133.3
730 PRINT ‘ TO . PEG ~73”I P R I N T  - TIsI .i PEG ~‘4fl PPTP4T - Pc.MMI~4A ~~?( N ) 4 ~~1
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745 PRINT -- X . C M  = X.2 .54
750 P R I N T
755 PRINT
760 P R I N T
765 PR INT
770 PRINT •Y ‘CM ’ “ . “N” • “LI ’ M --SEC • “RHO KG’M3” - . “R E M — i )
775 PRINT TAB 15” . T~~DEG ~~~ .“T O (PEG K) , “PS’MM~G ) ,  PHCU KG,N2SEC)
7k” PRINT
785 SCRATCH m5
791~ FOP N 1  TO NI
7’~5 LET P2= P(N\ .ss, ’ Q3&rP.~~0)
301 IF P25 ’1.89286 GO TO 820
3(55 iF P2 -~1 GO TO 965 H
~:1O LET M1=~~0P15 . .1,P2)~~~ i. -3 . 5))~~i))::15 GO TO 8t~(’
921’ LET N1= . 5.P2~~~ ’ i/ I .  6)
325 LET F1= 1.2~~~1.M1”~~3.5
i~ LET F2 = ’ P - -~ 

I 7.MI.M1”—1)~~~’2.5
~~~~~ LET P1=F1.-F2
34(5 LET 1= P2—P1’-P2
345 IF A F ’ 1 ~~< -~.”(I1 GO TO 86(1
:5~ i LET MI=Mt + 1
355 GO 10 825
360 LET T3=T1 N”~~~2-’TO
:~65 LET F=1+’- .2.M1.Mi)
870 LET C1= .O’I’1623•Q3’N” .F~~~1’’T3.RO)::7~ LET ~-3 =4’ . iIl.-M1.SQ P’T3/ F)
:391) LET ‘5-3 = .ui 0r,(,1,227.~ T3~-I.5’ /’:T3+199)335 LET ~-4=~~1.~~~.’-~ ‘12.~-3 ’

‘i i LET C6= . 91~~1’94+. i , i i114799•59R ‘-34 )  ~
- . 0OOt’23O237.-~4

~~~~~ LET h= ’~~h•’1~~’1/F.
’ ’+ ’ 1 F ~1,~ LET T4=’Tl ~~~~~~~~ T O~ S6)

~~ii5 IF AE~~’T3—T4 ’~~= .5 GO TO 920
910 LET T3=T4
‘~15 GD TO 865
92” LET f r i  • N =1 32.2.16.04
925 LET T5=T4/F
-
~~~~ :‘ LET LI’N~~=N1.49.01.~ PP ’T5)..3048
935 LET ‘1= . ( 5 , , , 11, (, r, i,22 7..T5~~i 5 . / T5+1Q9”
940 LET 27= ’ .P1 Nl.U1N )/~~12.V1.157’.426)’1.100-2.54
945 P R I N T  Y ’ N ” . M 1 . 1 ’ ’N ’ . P I ’ M ” , 7
950 P R I N T  T A F ’ 1 5” , T 5 - 1 . 8 . T4 , 1 . 8. 0 3 ’N .~~i - -- A 0 . 1 I ’N ” ~~~~1’N ”
‘55 PRINT

-
~~51~ hIP I T E  rS. Y ‘N ’ ,LI ‘ N~ ‘RI ‘- N ’  .U N) R1 (N~ • T4’ 1.8
955 NEXT N

~70 PRI NT
975 P R I N T
980 ST OP
1011 0 DATA 3 .25.730.730.5.730.5,110.1(19 ,i1O ,146 ,132 ,123
10 10  DATA 3.730.570,540..005,15
102(1 DATA . (‘0121718.1. ‘:‘26531 , . (‘9697. . 0 o02f l7I8~ I. 0~~4q. .04113.. u:’ t’020718
1 fl~~0 r”—~TA 1. 027314..442I8.3~~.782
1 1,4 0 DA TA —1.25,.,.,2~~8~~.— .75,.O3 (,7i.-- .~ -5..U2975.tl ..u29F~~..25..032i211150 PAT H ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~I 0~~1i D~$T A 2~ llN~~~~~. c ~ 1i ’20’ ~~ s II~~~~ H~~ • 3~ II~~ ‘ 

~~~~~
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PROGRAM NEWF L0~

10 PEN NEW FLOW
11 PEN 01 15 THE NUMBER OF THE FIRST X STATION
12 REM 02 15 THE NUMBER OF THE LAST X STAT ION MINUS ONE F

13 PEN P I S  THE RAM P NUMBER
14 PEN :— : ri IS THE LOCAT I ON OF THE —: STAT I ON ‘INCHES)
15 PEN D ’-N” IS THE HEIGHT OF THE RAMP (CM ~ AT :~:is PEN A ’ N”  IS THE SLOPE OF THE RAMP (RAP ) AT ~
17 PEN ENTER 01,02,B AT LINE 1000
18 PEN ENTER 1ST 5 INPu T FILES AT 202
19 PEN ENTER REMA ININ G I NPU T FILES AT 204
~~1’ PEN A TOTAL OF 10 FILE NRMES.REAL OP FICTICIOIIS .NUST FE INPUT
100 FILES FI;F2;F3
1 1 0  D I M  Vi  ‘118).1I I ‘ 1 1 8 ” .R1 ’-118) .P1 ‘:118).TI ‘- 118)
120 D I M  Y 2 : 1 1 8 ) .L I 2 ’ 1 1 8” ,R 2~ 118) ,P 2 ( 1 1 8) , T2 ’ 1 18)
125 DIM A~ 15” .D ’ I5) ,X ( 15)
130 READ 01s02.B
132 FOR N= 1 TO 0241
140 READ X ’N”~~P(N),A’N”142 NEXT N
150 P R I N T  - INTE R POLATED RAMP FLO~1 FIELD”
IsO PRINT - PAMP N O P
170 PRINT
180 PRINT
19” PRINT
200 PRINT - (~IHAT APE PROFILE INPUT FiLES”
2(12 I NPUT F1S.F2S .F3$,F4~~.F5S204 INPUT F5~ ,F7$sF8SiF9$ ,FOS
212 PRINT
214 PRINT
2 16 PRINT
218 SCRATCH 3
220 FOP 0=Q 1 TO 02
222 ON 0 GO TO 270.224.230.236,242,248.254,260s26~224 LET F1S=F2S
226 LET F2S=F3S
228 GO TO 270
23,1, LET FiS=F3S
232 LET F2$=F4S
234 GO TO 270
236 LET F 1S~ F4S
238 LET F2S~ F5S
240  GO TO 270
~~ .3 LET F1S~ F5S
244 LET F2S~ F6S
246 60 TO 270
248 LET F 1S~F6S
~5 0 LET F2S~F7S
252 6O T ~~ 27O
254 LET F I S~~F71
256 LET F2S~ F8S
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258 GO TO 270
260 LET FI S=f8S
262 LET F2S=F9S
264 GO TO 2 7( 5
266 LET FIS=F93
2tI G LET F2S~~FflS
270 FILE ~ l , F1S
280 F I L E  ~2 ,F2 S
372 PRINT -

374 P R I N T
‘376 PRINT
379 PRINT Y’CM’”.LI (M’SEC , PHO~~ 6/M3~~~

, P(MMHG) •”T 0(DE6 ~~~
~::32 PRINT
384 FOR N=1 TO 118
390 REAP ~ I ‘Vi ‘-N” .111 (N) .P1 ‘-N” ,P1 ‘N) ‘Ti (N’41,0 REAP 2,Y2IN” .U2 (N’~.P2(N1.P2 .N),T2(N)
41(1 NEXT N
412 LET Y i ’O ”=O
414 LET Y2’-O ”= O H
420 FOP N =1 TO 100 H
4 3 0  LET Y =Y 2 ’N ’ .CO ! . :R ’Q+ 1~~~ H
435 LET S = ’X ’ 0 + 1 ) — X ’ 0” ’ .2 .54— Y.!IN ’A Q + i ) )
4 : 7  L ET S I ’ I ~+ 1 ” — X ’ 0 ” ) .2 .54
44 i1 LET = Y . C O 5 ’A ’O # l ” ” + P Q+ l)
470 LET M=N
480 FOP L 1  TO 1 00
490 IF Y1 ’-L” .CO! H~ 0)”=>Y GD TO 510500 NEXT L
SI C ’  LET :1=y2 N-I + r , 0÷ il
520 LET 2=Y2’N— 1”#D ’-0+1”
530 LET 3=VI ( L)+ D 0)
540 LET 4=Y1’:.L—I” + P 0~
55(5 LET 5= 3+’ I_23”.S ’-S1
552 LET 6=Z4+~~~2- 4” .S’Si
554 IF 6 8 0  TO 560
556 IF :s-z ‘50 TO 564
558 60 TO 570
560 LET L=L— 1
562 GO TO 53(1
564 LET L=t + 1
566 60 TO 530
570 LET V 1=U 1 ( L — 1) + t U 2 (N—i )—1 l 1 <L — 1 ) ) .S/ S I
580 LET V2 L11 ‘L +W2(M)—IJI<L)).S/S1
590 LET U=V i + (V 2 —Vi  ) .< Z—Z6 ) ’ (

~ 5—Z6)
61)0 LET V1=P1 L — i ) + ( P 2 (M—1 )—Pl L— 1)) .S/S i
61( 1 LET V2=P 1 (L)+(P2 (N) -~P1 (L)”.S’S1
620 LET R=Vi+(V2—V1) .-(Z-Z6) , ‘Z5—Z6 )
630 LET V1=P i ( L — 1 ) # ’ . P2 ’M — 1) — P 1 (L — l) ) • S/ S 1
640 LET V2 PI(L)+c :P2 (N)—Pt(L>) .S,SI
650 LET P =V1+ (V2 — Vl’ .<Z—Z6 ’ (Z 5—Z6)
66 0 LET V i = T 1 L—1 + ’T e ( N — l ) — T i L— l ) ) .S ’S i
670 LET V2=T 1 (L) -+- .T 2 ( M)— T 1 (L)).S’-Sl
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680 LET T=V1# V2—y 1) . 2--~ 6), (Z5—~ 6)
690 PRINT Y,U,P,P,T
700 WR ITE ~3.Y,U,R,P,T705 NEXT N
710 PRINT
720 PR INT
730 PR INT
i40  NEXT Q
& 5 0  STOP
1000 DATA 1, 1, 1
1010 DATA 1.077, . 07601.. 044472, 1.577,. 14 171. .0587441020 DATA 2. 077 , .22501, .  07211,2. 535,. 31587.. 0836731 030 DATA 3.O35..43O13,.09567Q,3535, 55q~3, 10717
1040 DATA 4. 035’ .70324..11$28,4.535,.86118, 129151051’ DATA 5.035.1.03308,.1394,5.535,1 2188~, 150669999 END

.
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PROG RAM VCOLES

10 PEN VCOLES
11 PEN F I S  I! N F L OX X X ~ FROM NEWFLO~ ). F2S IS YDEX XX. F35 IS VC OXX XX , V IS
12 PEN N STA ’IN” . P IS PW ’MNHG” . T IS WALL TEMP~~ 40 PEG P, P IS FIR ST
13 PEN GUESS FOP PELTR ’-CN” , C7 IS FIRST GUESS FOP TAUW’PSF), NI IS 151
14 PEN GUESS FOR NO OF V PO I NT WHERE V+ =50. P12 1! FIRST GUESS FOP
15 REM ND OF ‘

~
‘ POINT hIHEPE Y - ’DELTA ~ .9.N3 IS NO OF POINT! IN NFLOXXXX.

is PEN 51 FsNI’ F l APE CON VERGENCE CRITERIA FOP TR(JW AND DELTA .
11,0 FILES F1;F2;F3
110 DIM LI 200~

,V’2fl0),2’L1000),P1 (200~ ,Q1(2fl0),T0.~200)I15 PIM G~~i00” ,B t 10 fl ”
116 D I M  U3’200”
117 DIM U5’i00” .U5 ’i00~120 REAP FIS•F2S.F3S.X.P. T. P,C7,N1 ,N2,N3
122 READ S 1 ’P i
122 LET ~8=N2+1
124 LET K 9=N I
130 PRINT - CORRELAT ION OF VELOCIT? PROF ILE, V STA = V.2.54
132 PRINT - COLES V--P GENEPRLI ED CORRELATiON ”
1411 PRINT
is’: PRINT
152 L E T  P2 = .00162~~~’TI~~5 LET P7=0
170 F I L E  1 .F I S
175 FILE ~2.F2S181 F I L E  ~3.F3S
181 LET U ’0 ’= 1’
132 FOP N=I TO N3
184 PEAP ~ i • N  N~ ,LI u: N” •PI iN” ~0 1 (N” •T 0~ N”
13~ LET ‘T’ ’:N’=Y’-N) --2 .54
188 LET U’N” =U~ N” .3.28Q8
i8~ LET P1’N’ =RI .N” /51G.488
1’~ fl LET O8= ’SQP (P I’ N” - - R 2) ”4 i 2 I’N’~~U’,N~~1”~192 LET P7=P7+~ 9
193 LET U 3 ’N ” =D7
~~~ NEXT N
200 P R I N T
211 PR I N T
25~’ LET V= .01s ,Tl iI 1I 0il227.’T 1.5”,’’T+199~ .P2~23- 1 L ET H 1
282 LET F’H”=D-2.54
235 LET V5=O
28€’ LET Y6=I’
291, LET N i
30’) LET 5C 7
310 LET F~~SQR ’S ’R2 ~320 GOSUB 700
350 LET M M+ 1
3s0 LET s=~ +~~i.s370 LET F = S PP ’ S - P2 ”
35: 0 GO UF 700
400 IF ‘N” ’- ’N-I ” ‘50 ¶0 420
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4 10 60 TO 350
420 LET M M+ i
4 : ( 1  LET !~~!—S 1•S
44’:’ LET F=SOP ’-S’R2)
450 ISOSUB 700
470 IF - ( N ’ ” ~~~M — 1 )  GO TO 500
480 60 TO 420
490 PRINT V . V - --P . Y#.U÷CRLC .~~U+NEAS
491 P R I N T  TA P ’- 1 5 ) ; w
495 PRINT
500 LET 5=5+51.!
505 LET F= SQP(S’RE)
508 SCRATCH 3
5 10 GOSUB 700
512 IF V5=0 GO TO 560
514 PRINT
S16 PR I NT

~20  P R I N T
5~ 2 PRINT N = ‘ M
524 PRINT H = ‘H
525 P R I N T  - DEL , CM = “B~~H)~~~.54
530 PRINT - TAUW ,PSF ~~ S
53S PRINT - UTAU .N / S  = F . .3048
536 P R I N T  - U ’ :P ) ,M , S  = 1J9’3.2808
540 P R I N T  - P 1 - = 1 - ’4.86).~- (U4’F)—2.43 LOG ’~A3)—5)550 PRINT - RM S =~~~(M)
551 LET N2 =N 1—1
552 LET Ni=1
553 PRINT
554 PRINT
555 PRINT -
556 GOSLIB 700
557 60 TO 600
560 LET G H) Z(N)
562 IF H=>2 GO TO 570
564 LET H=H+1
566 LET F (H) =B (f+—i)+B 1.B (H—1 )
568 ‘50 TO 285
570 IF G ’-H” ’G ’-H — i )  60 TO 576
572 IF B (H ) > P ( H — 1 )  GO TO 586
574 60 TO 580
576 IF H=2 60 TO 580
578 60 TO 592
580 LET H~H+1
‘52 LET P ($4)~~B (H—1)—B1’.’B (H—1)
584 GO TO 285
586 LET H~~ +1
588 LET B (H) =B (H—1)+B1.P (

~~ 1)
590 GO 10 285
592 LET B (H) B(H—1)
593 LET V5=1
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594 60 TO 490
600  LET P11=~ 8
610 LET N2 N3
611 PRINT
512 LET V 6 1
62(1 GOSUB 700
s24 LET A2=U5 (N>
826 LET U7= 1J6”N”
630 FOP N 1  TO P13
632 LET D4=P4+ ’1— ’ U N)+WN+1”)..S’U9)). Y ’N)—Y N—1)).2.54
634 LET D5=A2— ’ (U S N) +u’s t4— 1) ) .. 5)
636 LET p6=r16+p5.(y (N)—Y ’ N— 1)).e .54
638 LET D8=PE4+D5.D5.Y ‘P1) —V <N—1”).2.54
64 1’ iF H ’ ’ = Y ’ N ’  GO TO 644
642 NEXT N
644 PRINT
646 PR INT
~47 PRINT648 PRINT - INTERGAL PROPERTIES OF BOUNDAR Y LAYER ”
649 PRINT
650 PRINT - DELTA STAR ~ CM ) = ’D4
552 PRINT - DEL ‘:CM)=~D6554 P R I N T  - 6 ~~ D8/D6
656 P R I N T
658 P R I N T
6..C’ P R I N T
661 :CPATCH ~2
662 PPINT - VELOCITY DEFICIT CORRELATION ”
664 PRINT
666 PRINT Y/DEL .U.DEF CAL .”U.DE~ MEAS”
668 PR INT
670 FOP N=1 TO P13
672 IF P’: H:’<= V (N) GO TO 676
674 PRINT V (P1.2. 54’D6, U7—U6 ( N >  ,Fi2-4J5 (N)
675 ~iP ITE ~2. V (N) .2. 54’ D6~ U7—U6 ‘N) ~R2—U5 (N)
676 NEXT N
678 STOP
700 LET T8=0
705 FOP P1=1 TO P13
710 IF P(H)>Y(N) 60 TO 740
720 LET 1l4=U3 N—I~~+(U3 (N) —U3 (N— 1)) .<B H> —Y N— 1)) . -’( .Y N —Y N— D~722 LET U9=U (N—1)+(U N) —U ( N— 1) ) . r B H — Y N — 1 / Y N > —Y ’-N—1’~~730 60 TO 750
740 NEX T N
750 LET A3 B(H)~~~,(12*V )
760 FOP N~~~i TO P12
770 LET W=2.((SIN( (1 .5707.~~(N)) ,(B(H>)))A2)
780 LET L= . 5.’ (U4/F ) — ( 2 .  43~~~O6 (R3) ) —5)
790 LET L1=2.43.LOG (Y (N ) .F’(12.~ ) )
800 LET Ui t.1+5+1...~810 LET U2 U3~ N) ’F
851 LET W1 (U2-tl—5) ’L
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852 LET US (N) x1j2
853 LET 116 ‘N)~~U 1
860 LET T 8—W1—4J 2 )~~2+T8
870 IF VS =0 GO TO 893
872 IF B (H ) <=Y (N) 60 TO 910
880 PRINT Y(N).2.54,Y(N)’B(~~),Y(N).F’(12.V),U1,U2
881 IF V6=1 GO TO 88S
882 IF P1 1= 1 60 TO 88S
883 PRINT TA ? 15 ;W1
884 PRINT
88S IF N=>K9 GO TO 892
886 LET W I = 3
887 IF ‘ Y < N ) .F-’i 12.~ ) ” = >  10 60 TO 892
888 LET U1=~.Y(N)~~~’.12~~ ))
892 WR ITE 3,Y(N”.F’’- 12.Y),U1,U2,Y (N>,BCH),W1
893 NEXT N
900 LET (M) =SQP (T8)
910 RETURN
1000 DATA 3NFL—125 , 3VDE—125 , 3VCO— 1 25
1010 DATA — 1 .2 5 .2 1 .8 ,54 0 .  .68 . .75.24,69, 100, . O 1 , . 0 1
9999 END

READY
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PROGRAM TBLJNDIM

I) j (1 RE M TPL J NP I N
11 PEN P9 IS RAMP NO.Z IS NO OF V STA, X ’~L) IS XSTA (IN).D(L) IS1 2 PEN DELTA ’CN ’FPCN YCOLES’ PSQ) IS PWALL (PW/P0)
100  FILES F1;F2
1 1 0 f l I M 1 0 0~~.U~~10 0 ~~. P , 1 0 0 , . P ~~100’ , ,T 0 i - 1 0 0 )
12 1’ DIN Pt ’ 2~ ‘Ui ‘2”
1311’ DIM V i1~ • P - i i ”  .P5’lI)
j41 READ P9.Z
151) FOP L=1 TO 11
I ~.0 REAP V iL~~,D IL~~~. PS (L)
170 LET P5’L)=P5 L).97309
180 NEXT L
190 PRINT - MEAN FLOW PROFILES ”
~00 PRINT 

- PAMP N0 P9
2 1 0  PRINT N sTATIDN .CM= -x(:).e.54
220 PRINT
23 1 PRINT
24” PRINT
3 1  P R I N T  - i.IHA T APE F I L E S  NEWFLOWX,IIEANXXXX ; r

~-~~‘1’ INPUT F1S. F2S
2’— 2 PRINT
264 P R I N T
2.~5 PRINT
270 FILE ~ 1.F1S
23” RILE 2.F2S
5~C~ 1i CRATCH
3) 1  F OP L 1  T O
:10 FOR N=1 TO 100
:2f~ ~F L=: GO TO 1-~ , f ,

READ ~1.~~1.’.’2.Q3.O4.Q5341’ 13fl TO 361’
0 PEAti~~~1, N N \ .U.M ~~.P(N),P(M),T0(M >

?~-2 LET P N”=f’’M” •133.3
NE W T N

370 NEXT L
41i 0 PRINT
411’ PRINT
42 1’ LET p

~~o = .c ’ r’ -349~~ 5’ :> / 3oo
430 LET M4=SQR•5.’’~~97309’P5’Z)> .2857)—1))
440 LET T4 = 3 17- -- ‘ i + .2.N 4.M4)
4~~ 1’ LET P4=. 1’0349.PS 2)’T4
4s’ LET U4=M4.20.04*SOP’T4)
470 LET P i 1” =P 4
430 LET LII I “ =114
491’ FOP P1=1 TO 100
~ i’fl IF V (N”>Di ” GD TO 520
5 10 NEXT N
211 LET U2=U N—1 )+ .U N~ —IJ (N—I)~~.(D Z~ — Y (N—1) ~~‘ iY ( N” —Y ’ :N—i)~
5~:1) LET U2 U2’.995
541’ FOR P1=1 TO 100
55 1’ I F  U N’  ~~U2 GD TO 570
SsO N E X T  N
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570 LET Y2=Y N—1)+~~Y (N~~—Y ’N—1) .(U2—U (N—1)>/ ~U’N)—1J ’N— 1))
581’ LET V3= 1Y2_V fN_ 1 .:.:,V rN - —Y N_D)
590 LET P2=P i N _ I l  + ‘-P  ‘N> —P ‘N—I) )•Y3
601’ LET P2 =P (P1—i ” + ‘P ‘N —P ‘N—i ) “~~ y 3
610 LET T3=TQ .N_ D+iT0 :N~

_T0(r4_1>).Y3
620 LET A3=20. (‘4.5QP(13)
53’ ) LET T2=T3.’ 1— . 2.~ U2~~J2/ ‘A3~~~3)))
640 LET M2=SOP ’5.’’-T?- -~T2)—1))
650 LET V2=.0000019869 . (T2.-1.8)~~1.5 /L ’:T2.1.8)+-199)
652 LET S2 1J2.R2/V2
654 PRINT - YE .CN ~~ Y2
656 PRINT - TOE,DEG ~ ~~ T3
658 PRINT - TE.DEG ~660 PRINT PE.N/M2 =~ P2
662 PRINT - UE,M/S ~~~U2
664 PRINT PHOE,kG/N3 ~~ P2
666 PRINT PEE.N— 1
668 PRINT ME
670 PRINT
671 PRINT
672 PRINT
673 PRINT Y . ”V .’D . M” .~~U.’UE .~~PHD’PHOE
674 PRINT PE/PEE .T/TE .TO ,-TOE ,”P/PE ,H
675 PRINT
676 PRINT
677 PRINT
678 FOP P1=1 TO 100
62-0 LET A=20.04.SPR (T0 ’1N)>
691’ LET T=T0(N).’1— .2.tJ~ N”.4J(N)’’A~~~))
700 L ET N=SOR~ 5.~~ T 0 ( N” —- T > — 1 ) )
710 LET V= .0000010869 . (T.—1.8>~~1.5),((T.1.8)+199)
720 LET 3=P (N> 1j ‘N) ‘V
730 LET H=’T0 ’N) —30 0) ’(T3—300)
740 PRINT V (N).Y(N)’-D(Z)’N,U(N)’U2,P(N)-’R2
750 PRINT S’S2,T’T2,T0(N)/T3,P (N),P2,H
760 PRINT
770 WRITE ~2.Y(N)/D’Z),M.U(N)/U2,P(N)/P2,H~
780 IF Y (N)>Y2 GO TO 930
790 LET W=Y (N)—Y ’N—1)
900 LET M1=SQP (5.-<((97309’P (N) )~~.2857)— 1))
810 LET T 1=3 17’’1+ .2.N1 1)
82(1 LET RI  (2) = . 00349.<P (N) /T1)
830 LET U1 (2) —fl1-.€0.04 .SQP (T 1)
840 LET Cl C 1+~~(U 1 (2 ) +4J1 ( 1) ) / 2 — ( U (N) +U (N — 1 ) ) / 2 )~~~850 LET V = (P (N ) .U (N) +R (N—1 ) .U < N— 1) ) ’2
860 LET V1=<R1<2).U1(2)+P1(1)~~J1(1))’2370 LET C2 C2+ ’V1—V )~~~:9(1 LET V= (R <N).4J N> 4J (N)+P(N—i)-~ i(N—1 ).IJ(N—1))’2890 LET V 1= ’R ( N ~ .U(N).4J 1 (2) +R (N—1).4J (N—I ) .4J1 ( 1) ) ’2
900 LET C3 C3+ (V1—V)~~~910 LET P1(1) =P~~ 2)
920 LET I J 1 ( 1) = O 1 ( 2 )
930 NEXT N
940 PRINT
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~42 PRINT
944 PR INT
c
~4t , PRINT

‘-449 PRINT - DELTA .~CPI
~~~~1’ PRIN1 DEL.~~.CM = “ C 1 •--U4

-
~~~
‘ -

~~ PRINT L’EL..CM ‘C2~ L’4.P4
~~-4 PRINT - THETA .CM = C3- I I4•t l4.P4’~

- PRINT RE THETA = 52.C13- I 0C’.4J4.U4.P4
9711 ‘TOP
101 0 DATA 3.2
1 0 1 0  DATA 0..7042,.02986
1 02 0  DATA .25. .6835,.03212
10 :0 DATA .75,.t~566,.04
1 114 11 DATA 1.25. .h767,. 04732
10~~i DATA I . 5. .’-’632,.05361
1” ~~” DATA 1. 3~-, .6h32..05955
1070 DATA 2- ..6835..06504
1) 3 1 DATA 2.25..’~~ 03..06999
1’ l”~ (’ DATA 2’.’~..5835..O7207
11” DATA 2.7r,. .7112,. (‘7882
l i l l i  DATA 3,.7401..08277

PEAr’ ,

.
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PROGRAM RAN SHER

10 PEN PRMSHEP I
I i PEN H IS RAMP NO~ Ni IS NO OF FIRST V STA USED IN CURVE FIT, P12 IS
12 PEN THE NO OF THE LAST X SIR I N  CURVE F I T ,  7 IS  THE V STA FOP TA4J CALC
13 PEN ‘MUST PE (P12) .W IS REFERENCE V ~~ A WHICH DETERMINE! V VALUES,
14 PEN ~ 1 IS NO OF TIMES 1ST X STA INCLUDED IN CURVE FIT (USuALLY—i).
15 PEN F’N” IS TRUW~ MNkG~~.P5 N) IS PAD OF CURVRTURE (CM), X (N) IS X STA~~IN” .16 PEN Al N” IS SURFACE SLOPE (PAD) , D6 N) IS LOCAL HEIGHT . Y (CN), OF
17 REM SURFACE WITH RESPECT TO R AMP L.E.
100 FILES F1;F2;F3
11 0 DIM Y (11,100),U (11,100),R (1l, 100) ~P (I1.100)
120 DIM Ci (I1 > ,C2 (I1),C3~~11” ,C4~~1I).C5(11),S ’~11)
130 DIN A~ 3.3).B’3.1),D1(2).D2(2),D3~ 2) ,D4(2),X1(1p3)141’ DIN P5’11) .F’- I l >  .V. 11) ,R1 ‘II > .D6 ’ 11) ‘WI i 3 ,3)  ,~~6(3, 1)
142 PIN C6(ll’
230 READ H.N1.N2,Z.W,~~1240 FOR P1= 1 TO P12 -

250 READ F (N” ,R5(N),X (N),A1 (N),D6(N)
252 LET X ’N ’ = X N ’.2.54
254 LET F ”N ) =F (N ) .133.29
260 NEXT N
270 PRINT - TURBULENT SHEAR STRESS DISTPIBUTION
280 P R I N T  - RAM P N O H
290 P R I N T  - X STRTION (CM)— X(Z)
292 PRINT
294 P R I N T
296 P R I N T
300 PRINT - (.IHA T ARE FILE! NEWFLOWX,SHERXXXX ,EDYXXXX
310 INPUT FIS,F2S,F3S
312 PRINT
314 PRINT
316 PR I NT
320 FILE :1,FI$
322 F I L E  2~F2S
323 FILE 3.F3S
324 SCRATCH 2
325 SCRATCH 3
330 FOP N—NI TO P12
340 FOP N—I TO 100
350 READ 1,Y (N.M),U(N ,M),P(N,N),P(N,M) ,Q9
352 LET P(N,P1)—P(N,M).133.29
360 NEXT N
370 NEXT N
380 PR INT Y ( CM) . T A U ’ T R W , I I ,~~I2 , I3
382 PRINT TRB( 15) , !4

— 384 PRINT
385 PRINT
386 LET D1(1) 0

-
~~ 387 LET D2( 1)— 0

388 LET D3( 1)— 0
389 LET D4 1 ) — 0
390 FOR P1—I TO 100
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4 01’ LET Y—Y’W .M”
4IO LET S ’ 1 ’ - .0(’00t
42 0  FOP L = 1  T O P12’
4 1-” LET Cqr ~~~~ 1 , L ~~~~~t 16 ,L~
4411 LET 1=Y COS (k1’L-1’~~+P~, (L—l ”
4 1 I  LET L2~~l’- ‘L — V . ~ IN AI ~V
4t ’ I’  LET Ll ’L — 1 ”— ’~•~~IN’AI ’L—1 )’
470 LET 3~~~2 - 1
472 LET L 2 1 .-’ — L I
474 LET S’L”=~~, ’ ~~L13 .L+3 .2 ’7”~~+S L—i ~
4’~ NEXT L
478 MAT A=ZEP
42-0 LET ~i = t l
482 FOR L=N I TO P12
43-3 LET ~~ *+1
4H4 LET A~~1 . 1~~= H 1 . 1~~+ 1

4~~9 LET A ’ I. 3’  =H 1. 3 + S
4-1 1, LET A 2.2”=A’$.. + L”.~~~L”.5~~L”•SiL)
4’-’2 LET P-~~2.3” =A ’ ,1’ .3 ”+ 5 ‘L’.~ ‘L”-.-!(L”4~~4 LET A~~,3. 3” =A~~3.3 +~~~L” .!(L>
4’~’5 IF L’1 i~fl TO 497
49€~ IF  ~ ‘l ~ I GO TO 4834’-’7 NEXT L
492- LET A i2 ,I”=A .I .2”
Sli li LET A 3 . 1 ” = A i.3”
~~ l ’ . LET A ’  ~.2’>=A ’2 .3”
Sil’5 FOP L=N I TO P12
‘510 FOP P1= 1 TO 10 (1
‘515 IF Y ’L.N” =~~ GD TO 525
5211 NEXT N
525 LET Y1= ‘~~— V • L . N — 1 ” ”  ‘‘V ft • N> —Y L .N—i ” ~
~ 30 LET CI  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~535  LET Bt=U ’L .N—l”.P’L .N—I>
540 LET F2=U ‘L. N” .f’ ‘ L, N”
545 LET ‘2’L”=B1+’B2—P1” .Y i
550 LET P1 lI,L .N_1..4j~ t ,N—I l~~~~ L .N—i 1
5~’5 LET F - ’~l’’L,N”.4j’L.N”.f’-~L,N)
‘5~~~i ’  LET i~~~’L”~~P1+’B2—B1” .Y 1
5t~~- LET l 4 ’L~~=P’L .N— t >+’P’L .N”— P’L .N—1”” .Y 1
5E~ LET t1~.’L’=R ’L .N—1” +ip~:L.N1 — f’1L ,N—l 1 “.YI
‘~70 NEXT L
578 LET l’= fl
5~~0 FOR L=N I TO P12
‘591 LET ~~~~+I
‘5’-~5 LET C5 ’ L”~~C I L ”
586 IF L> 1 GO 10 590
5.~~7 IF ~ - ~ I GO TO 52-1
‘5’~~fl NE XT L
5~ ’5 GDS1I~ 800
‘-‘“1’ LET Dl ‘2” ~V 1 i i  • 1”÷X I ‘ I. 3~ ‘-7” +>~~ 1.~~” •5 •

‘-‘fl2 LET $‘= n
805 FOP L=N 1 TO P12
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606 LET ~=*- +I
610 LET C5(L) C2(L)
611 IF L)- 1 GO TO 615
612 IF ~ -~~ I GO TO 606
615 NEXT L
620 GOSUB 800
625 LET D2 (2) X 1 ’ 1~~3) +2.X1(1~~2)~~S( Z)
629 LET ~~~0
630 FOP L=N 1 TO P12
631 LET K=K.+1
635 LET C5(L) C3(L)
636 IF L>1 60 TO 640
637 IF K~~KI 60 TO 631640 NEXT L
645 GOSUB 800
650 LET fl3 ’:2) =X1 ’ .1,3)+2~~~1 1,2) .S(Z)
154 LET ~=0
655 FOP L=N 1 TO N2
656 LET ~~~~~660 LET C 5 ’~L) C4 L)
561 IF L>l GD TO 665
662 IF ~ ‘~~1 GO TO 656
665 NEXT L
670 GO!UB 800
672 LET D4(2)=X1 (I,3)+2.X1(1,2).S(Z)
673 FOP L=fll TO P12
674 LET C5(L)=C6(L)
675 NEXT L
676 GOSUB 80t1
677 LET D5=X1(1.1)+X 1”1,3).~~(Z) +X1(1,2) .S(Z)~~S(Z)
678 LET ~~~1/P5(Z)
680 LET T=Y ’:W.M)—Y (W,N—l)
685 LET B1=1’~~1+~

.-((Y (W,M)+Y(W,N—l) ),2))
690 LET P= ’D3’2)+D3(I))’2
695 LET I1=I1+B l.I’.T
700 LET D=(D2 (2)+D2’ I)>’2
705 LET V= .D1(2)+D1(1))’2
707 LET GI= DI(2)—D1 1))’T
71 (1 LET G=6+P.T
715 LET 12=V.BI.6
720 LET I3 13+2.12.B1 .T
725 LET D=<D4:2 +-D4 I~~~’27:30 LET I4=I4+B1.D~ T735 LET T1=1+’I’F (Z)).’I1—12—13+14’
740 PRINT Y.TI, I1’F(Z) ~ 12’F Z) ~ 13’F(Z)45 PRINT TAB ’ I5),14,F (Z)
747 PRINT
748 WR ITE 2 ,Y ,T1 ,D2 (2) ~D3(2) ,D4(2)
749 WRITE 3,Y,TI.F (Z),61,D5
750 LET Dl 1) = D 1 ( 2 )
752 LET D2~~1)=D2(2)
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7’~4 LET D3’.I”=P 32”
75s LET D4 ’- I ) t’4’2)
760 NE X T M
7s5 ITOP
— : i i i) NAT B=2ER
905 FOP L=N 1 TO N2
3 10 LET B ’ 1. 1” B’ 1, D + & T 5 ’L ”
915 LET Pi2,I”=B ’~2,1”+S ’L).!(L)~~~5(L)
320 LET P’3’1”=F’3,l)+ ! L)~~~5(L)
825 NEXT L
830 MAT WI CON’3v3)
835 MAT W1~~UV ( R)
5 4 0  MAT X I=C0N 1,3~945 MAT 26=CON 3,1’~351i MAT 6 W1.B
:355 MAT :~:1=TRN(Z6)
860 PET UPN
1000 DATA 3.4.1i,6,7~~1
1010 DATA .26~~— 1000 000, 0, 0,0
1020 DATA .26?’ 18.14’.25..03748,.01264
1030 DATA . 276. —22.5 .. 75. .1005.. 1 (126
11141’ DATA .246 .—26 . 75.1.25. .1527, .2659
1050 [‘2-TA .307.— ,28.84,1.5,.I759v.3?16
1 060 DATA .3~ t’.—30.’~1.1.75..1976..49191071’ DATA .347.—32.97.2,.2179..6261
1 I~’2-0 112-TA .376’—35 .02.2.25..237I,.7734
1i ’~~1’ DATA .~~~3.-37.07.2.5..2553..°3331101’ DATA .426,—39. l1’2.75..2726,1. 1 052
11 1 0  DATA . 44~~. —41 .55 ,3 . . 2891,1.2886
9999 END

.
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PROGRAM EDDY

IC ’ PEN EDDY
11 PEN P8 IS THE RAMP NO. Z I! THE NO OF THE V ST A . X ’ L )  I! V ST A ’ I N - ’ ,
12 PEN D ’ L~’ I! DELTA ‘:CM),t~1 1L) I! DELTA STAR SUB ~ ‘D.~ IN CEPITI—
13 REM MET ERS FROM VCDLE! OP TPLJNDIM. U’L) IS UE’-N- SEC) FROM
14 PEN TB L JNDIM I
100 FILE! F1;F2
110 D I M  X ’ 11 > ,D ’:ll) ,D1 11) ,U’11)
190 READ RBiZ
200 FOP L=1 TO 2
210 READ X (L) ,DcL) ,D1 (L),U(L)

~20 NEXT L
230 PRINT - EDDY VISCOS I TY CALCULATION - -
232 PR INT - RAMP NO”P8
234 PRINT - >1 STRTIDN= X ’-Z).e.5 4
236 PRINT - -

238 PRINT
240 PRINT
25 (1 PR INT - b’NAI APE FILES EDYXXXX,VISCXXXX ,
260 INPUT FIS.F2S
270 F I L E ~:1.F1S
280 FILE ~2,F2S
282 PRINT

~84 PRINT
~86 PR INT
290 SCRATCH 2
295 PRINT - Y’~. Y’~~~, L’D . E/1IEp~~~~~~ D ’U-’UE)/D ’ Y-’D)
296 PR I NT
300 FOP P1=1 TO 100
310 READ 1eY.T.G.R
312 IF T’0 60 TO 354
:320 LET L=SQP(T’P),:D(Z).~)
33(1 LET V=T/W (Z).-D1 (Z)~~~~~ )
340 PRINT Y,Y/D (Z) ,L,V,G•D (Z)’lj<Z)
350 bIR ITE 2 ,Y ,Y/D (Z) .L,V ,G~ D( Z) r1I(Z)
:352 60 TO 360
354 PRINT V. Y’D (2) • TAP 61); G.D (2) ‘U (2)
356 WR ITE 2 iY’Y ’D<Z)’9999~9999iG.D(Z) ’U(Z)
360 NEXT N
400 STOP
1000 DATA 3.4
1007 DATA 0,1,1,1
1008 DATA .25~ 1~~1,11009 DATA 1~~1,1,1
1010  DATA 1.25’.6767,.0944~610.2
102 0 DATA 1.5~ .6632,.1I9~605
1030 DRTR I.75..6632,.112,600.5
1040 DATA 2’ .6835~ .1 138~ 596.4
1050 DATA 2.25..6903,.1069.587.6
1060 DATA 2.5. . 6835 , .102 I~~581.4
1070 DATA 2.75~~. 7 1 1 2, . 1 04~~,58O
108 0 DATA 3’.7401,.1033.573
9999 EN D

1.58 
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APPENDIX B

COMMENTS ON THE MIXING LENGTH CONSTANT

In Section 4 . 6 , it was shown that in the region of adverse pressure gradient

(APG), the constant t in the mixing length rc-lation ‘- ~v was 0.65 in con-

trast to 0.4 for the zero pressure gradient (ZPG) flow. This imp lies , there-

fore , an inconsistency of the APG data with the Law-of-the-Wall correlation ,

since the latter is based on the value ~‘. 0.41, and raises the question

whether the increase in t is real or possibly due to experimental error .

Recall that the derivation of the wall-wake velocity correlation

+ 1 +U -~~ f l y  + C + E W ( y / ~~) B .1

includes the assumption -~ = ~tv .  Re ferences  8 and 11 document the bas i s  fo r

selecting the currently accepted values of the constants = 0.41 and C =
5.0. These values are concluded to be independent of pressure gradien t ,

whose effects are reflected instead in the magnitude of the wake strength

parameter ~~
‘
. It should be noted that the values of ~-. and C are based on data

for wh ich 100 < y~ < 300 , since it was i~elt that closer to the wall experiment-

al errors may cause the measured velocity to he too h igh , while 1a~ ther away

the effects of the wake-like outer flow become large .

In the present study ,  the curve—fit described in Section .+.2 was restr ict,~d

to data for > 50. A plot of the velocity profiles in u+ - y+ coordinates ,

shown in Figure 28 for Ramp 3, is reproduced in Figure 1 .l which includes ,

now , lines of constant y/ô . Notice tha t for the ZPG case , y/Ô 0.05 corresp-

onds to y~ 20. Moving downstream in the APG region the value correspond-

ing to y/~- = 0.05 increases (the increase in Reynolds number shifts the
velocity profile to the right , i.e., to larger v~ values) so that at the

rear of the ramp y~ at y/S 0.05 is abou t 50.

A plot of ‘75 versus /~ to an enlarged scale is shown in Figure P.2 which

indicates clearly that the slope shu ts rap idl\- from 0.-~ t c~ O.’~-’5 along the
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ramp and that the linear portion of the versus variation extends ironi

v/ 5  0.05 to almost 0.2 (see also Figures 63 and b4 to define the upper

limit). A value of v/~ 0.05 corresponds to about 0.035 cm which is near

the outer edge of the viscous sublaver while y/S of 0.2 corresponds to

rang ing from 80 to 200 for the profiles in Figure 8.1. Therefore , most of the

data points (parti cularly for the APG region) shown in Figure 8.2 are included

in the curve-fit to the Law-of-the-Wake , Equat ion 
4 ,5~ However , these points

are small in number compared to those in the outer portion of the boundary

layer , where contr ibutions from the wake function are large , ~nd although
they dev iate from Equation + .5 (i.e., they reflect 0.65 instead of 0.~.)

the rms error of the curve-fit is still small.

For b o t h  ramp s , the u+ - y + profiles for representative stations located

upstream of the leading ed ge (2FG),at its mid—point , and at th~ rear station

have been p l o t t e d  in F igu re  5.3 toge the r  w i t h  the s u b — l a y e r  r e l a t i on  u~ = v~~,

E q u at i o n  -+ .S , and the  L a w -o f - t h e-~~al l , E q u a t i o n  ~~~~~ It is observed t h a t

1) For the  ZPG cast , t he d a t a  f o r  v~ ‘- 50 t a l l  on or p a r a l l e l  to Equa t ion  ~~~~~~~

u n t i l  y + 20 (v /~ = 0.05) where t h ey  then  merge w i t h  the s ub l av cr  p r o f i l e .

2) For the APG region , the  da ta  be low ~~ 100 d e v iat e  f rom Eq uat i o n  ~~~
showing a smal le r  slope ( i . c ., a l a rge r  va lue  of ; )  than  the L a w - o f - t h e - W a l l

u n t i l  y+ 25 where aga in , tr t e  approach  the subl av er  p r o f i l & - . TIit - t r end  c~f

the APG data  is c l ea r  and c oa s i s t en t .  In f a c t , s ince  0 .6 5  is de te rmined

d i r e c t l y  f rom the mix ing  len g t h  c a l c u l a t i o n s , t h i s  guaran tees  t h a t  the APG

d a t a  w i l l  no t  f i t  the  c la s s i c  L a w — o f — t h e — W a l l  (with = 0. -~l ) .  -
~~~

In view of this discussion , the p o s s i b i l i t y  0 expe r imen ta l  error  c a u s i n g  the

observed increase in in the APL~ reg ion  is cons idered  u n l i k e l y  s i nce :

1. The effect is not observed in t h ’  :-:rc case a l t hough  the  t e chn i ques and

i n s t r u m e n tat i o n  were the  same at  a l l  x s tat i o n s .
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2 .  The d a t a  t~~r a l l  s t a t  i ’ t ~ s ~~~t r i  - ‘ Ii ‘ - - -

boundary  l ay e r  t h a t  ~~ , t o r  - - - -

the wall tc’r ~~~~~~ t i i  ~‘r ~ t~ ’ - • . - - -

3. S t u r t -k ~~ i a 1n -~ t~’ t &- i ’~t - -

~~~ 
Thus , t w~’ \p e - r L I ’ t - ‘- -

o p e r at in i ~ c o n d i t i ons , v i i :  - : -

y i e l d  the  S- i in t  r c s u l t .

I t  appears , then , t ha t  t ht. ‘ - ~~~~

APG f l o w  is not  due t~ exper~~~
f r om the PC v i l u t  is n~~t k n - ’~i

r e s u l t s .  I t  i s  su t i - t e d  t h ~~ t P ~ - - -

grad i en t  or lon~~i t u d i n a 1  t u r ~’ a t u t t  - - - -

there  is a need t a r  mart  ~n~~at- - - - a t  ~, - - .

It is instructive here t~ i~-p l\ ~paIdin ~ ~~~~~~~ - ‘ - i  _ - , w — ,’~ —~ - ‘ -  - -

in the bu t  fer reg ion  t - i the A!’i~ dat a in ‘t dei :~’ J v t i - t  IN it ii —
v e l o c i t y  pro ! i l c  assa~ ia t e d  w i t h  0. t’~~. This . - ~i - ’i ‘ “ apr N ~~~~~~ l qua ~ ~~‘t-

~+ . 8  to  the po in t  y
+ 100 , ii ~ 16 .2 whvrt’ -~ d. - t .  - :. 1’~ and

APG p r o f i l e s  agree and ar t  i den t  i c i i  t ~ h i i ~ n. I - - ‘i — — ~.i

Equation +..~~. At t h i s  po in t , we assume - 0 .t ~5 an d u s t  qi~ i t i ~~i -. ,~ :~~‘

calculate K 2.  W i t h  both  and K2 known , ~ c a n  h er  use  I q u .~~. i • ~-

c a l c u l a t e  u+ versus  vt The r e s u l t s  a r t -  p l a t  t ed  i r  i - i g u r t  P . w h et , - t h t -y

seem to coincide wi th  the i\PC da ta  t h roug hout  t I i t  i -n t  i r t  y + 
~~~ nt - a t  t h .. —

w a l l .
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